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Lithium ion batteries have revolutionized the portable electronics market since 
their commercialization first by Sony Corporation in 1990. They are also being 
intensively pursued for electric and hybrid electric vehicle applications. Commercial 
lithium ion cells are currently made largely with the layered LiCoO2 cathode. However, 
only 50% of the theoretical capacity of LiCoO2 can be utilized in practical cells due to the 
chemical and structural instabilities at deep charge as well as safety concerns. These 
drawbacks together with the high cost and toxicity of Co have created enormous interest 
in alternative cathodes. In this regard, spinel LiMn2O4 has been investigated widely as 
Mn is inexpensive and environmentally benign. However, LiMn2O4 exhibits severe 
capacity fade on cycling, particularly at elevated temperatures. With an aim to overcome 
the capacity fading problems, several cationic substitutions to give LiMn2-yMyO4 (M = 
Cr, Fe, Co, Ni, and Cu) have been pursued in the literature. Among the cation-substituted 
systems, LiMn1.5Ni0.5O4 has become attractive as it shows a high capacity of ~ 130 
mAh/g (theoretical capacity: 147 mAh/g) at around 4.7 V.  
 vii
With an aim to improve the electrochemical performance of the 5 V 
LiMn1.5Ni0.5O4 spinel oxide, various cation-substituted LiMn1.5-yNi0.5-zMy+zO4 (M = Li, 
Mg, Fe, Co, and Zn) spinel oxides have been investigated by chemical lithium extraction. 
The cation-substituted LiMn1.5-yNi0.5-zMy+zO4 spinel oxides exhibit better cyclability and 
rate capability in the 5 V region compared to the unsubstituted LiMn1.5Ni0.5O4 cathodes 
although the degree of manganese dissolution does not vary significantly. The better 
electrochemical properties of LiMn1.5-yNi0.5-zMy+zO4 are found to be due to a smaller 
lattice parameter difference among the three cubic phases formed during the charge-
discharge process. In addition, while the spinel Li1-xMn1.58Ni0.42O4 was chemically stable, 
the spinel Li1-xCo2O4 was found to exhibit both proton insertion and oxygen loss at deep 
lithium extraction due to the chemical instability arising from a overlap of the Co3+/4+:3d 
band on the top of the O2-:2p band. 
The irreversible oxygen loss during the first charge and the consequent reversible 
capacities of the solid solutions between Li[Li1/3Mn2/3]O2 and Li[Co1-yNiy]O2 has been 
found to be determined by the amount of lithium in the transition metal layer of the O3 
type layered structure. The lithium content in the transition metal layer is, however, 
sensitively influenced by the tendency of Ni3+ to get reduced to Ni2+ and the consequent 
volatilization of lithium during synthesis. Moreover, high Mn4+ content causes a decrease 
in oxygen mobility and loss. In addition, the chemically delithiated samples were found 
to adopt either the parent O3 type structure or the new P3 or O1 type structures 
depending upon the composition and synthesis temperature of the parent samples and the 
proton content inserted into the delithiated sample. In essence, the chemical and structural 
stabilities and the electrochemical performance factors of the layered (1-z) 
Li[Li1/3Mn2/3]O2 · (z) Li[Co1-yNiy]O2 solid solution cathodes are found to be maximized 
by optimizing the contents of the various ions.   
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1.1 ELECTROCHEMICAL POWER SOURCES 
The rapid developments of innovative technologies and growing environmental 
concerns have created enormous interest in the development of more efficient, pollution-
free, and safe power sources. The growing concern over global warming and air pollution 
has triggered the replacement of internal combustion engines by alternative power 
sources. In this regard, electrochemical power sources are attractive as they provide clean 
energy and decrease our dependence on fossil fuels. Electrochemical power sources, 
allow the direct conversion of free energy of a chemical reaction to electrical energy 
without any loss of efficiency associated with the Carnot limitations. Electrochemical 
power sources can be classified into three major types: Batteries, Fuel cells, and Super 
capacitors. 
A battery can be defined as an electrochemical storage device that converts the 
chemical energy of a reaction directly into electrical energy.1 Fuel cells operate much like 
a battery except that the reactants are not stored but continuously fed to the cell. Fuel is 
fed to the anode (negative electrode) and an oxidant is fed to the cathode (positive 
electrode) during the cell operation, and electrochemical oxidation and reduction 
reactions take place at the electrodes to produce electric current.2 In the case of 
electrochemical supercapacitors, energy is stored by charge separation within the 
micropores of a large surface area electrode material. They are primarily charge storage 
devices, which can be charged and discharged at rapid rates.3 
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1.2 PRINCIPLES OF ELECTROCHEMICAL CELLS 
The electrochemical cell converts the chemical energy stored in the active 
materials into electrical energy or vise versa by electrochemical oxidation-reduction 
reactions, involving the flow of electrons through an external circuit. An electrochemical 
cell consists of three major components as shown schematically in Figure 1.1. The anode 
(negative electrode) undergoes oxidation during the electrochemical reaction and gives 
up electrons to the external circuit. The cathode (positive electrode) undergoes reduction 
during the electrochemical reaction and accepts electrons from the external circuit. The 
electrolyte, on the other hand, acts as a medium for the transfer of electronic charge, as  
ions, between the anode and the cathode. The electrolyte used should be a good ionic 
conductor and an electronic insulator, whereas the electrodes used are preferred to be 
both good ionic and electronic conductors. 
















Electrochemical cells can be broadly classified into two categories according to 
the reaction mechanisms involved: Electrolytic cell and Galvanic (or Voltaic) cell.4  In an 
electrolytic cell, an external voltage drives the electrochemical reactions taking place 
inside the cell. They include electroplating, electrolytic synthesis, and the charge mode of 
a secondary battery. In a galvanic cell, the reactions occur spontaneously at the electrodes 
resulting in a flow of electrons through the external circuit. In essence, they convert 
chemical energy into electrical energy. Batteries and fuel cells belong to this category. 
Depending on the desired output voltage and capacity for a specific application, one or 
more galvanic cells are connected in series or parallel to form the power source. 
A battery will deliver a certain cell potential depending on the combination of the 
electrode materials and the type of chemical reactions involved. To a first approximation, 
the cell voltage Vop of a battery can be given as the difference between the cathode 
potential and the anode potential. 
Vop = Ec – Ea        [1.1] 
But, a practical battery may show a lower and varying potential depending on the 
operating conditions. A part of the energy delivered by the battery is lost as waste heat 
due to polarization losses in the cell. The battery operation may involve several types of 
polarizations, which lower the observed or operating potential compared to the ideal cell 
potential. The polarization losses can be classified into three major types as illustrated in 
Figure 1.2. 
(a) Ohmic polarization (IR drop) is related to the internal impedance of the cell. The 
ionic resistance of the electrolyte, the electronic resistance of the 
electrodes/current collectors, and the contact resistance between the electrode 
and current collector constitute the ohmic polarization of a battery. 
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(b) Activation polarization (ηa) is related to the kinetics of electrode reactions. It 
originates from the resistance to charge transfer across the electrode-electrolyte 
interface and it depends on the ability of the electrode to ionize. 
(c) Concentration polarization (ηc) is related to the mass transfer problems that 
originate from the difference in the concentration of the reactants (and products) 
between the electrode surface and the bulk. 
Figure 1.2: Variation of cell voltage with operating current illustrating polarization 
losses: (a) ohmic polarization, (b) activation polarization, and (c) 
concentration polarization. 
The operating cell voltage Vop can then be given by 
Vop= Voc-η          [1.2] 
where Voc is the open-circuit voltage and η is the overvoltage from polarization and is 
given by 
















If a battery delivers a current of I amperes for t seconds, then the capacity of the 
battery is given by It coulombs or ampere-seconds as 
Q = It          [1.4] 
One gram-equivalent weight of a material will deliver 96487 C or 26.8 Ah, which is the 
capacity of 1 mol of electrons and is termed as the Faraday constant. It is calculated as  
1 F = e * NA = 96487 C/mol = 26.8 Ah       [1.5] 
where e is the electronic charge (1.602 x 10-19 C ) and NA is the Avogadro’s number 
(6.023 x 1023 atoms/mol). 
The specific capacity of the battery Qsp is obtained by dividing the capacity Q of 
the cell by the mass or the volume of the cell and is given in units of Ah/kg (gravimetric 
capacity) or Ah/L (volumetric capacity). 
The energy density of the battery εsp is given by the product of the cell capacity 
Qsp and the average operating voltage Vop of the cell and is usually given in terms of 
Wh/kg (gravimetric energy density) or in Wh/L (volumetric energy density): 
εsp = QspVop         [1.6] 
The power Psp of the cell can be given by the product of the current Isp and the 
operating voltage Vop of the cell and is usually given in terms of W/kg or W/L: 
Psp = IspVop         [1.7] 
The rate at which a battery is charged or discharged is given by the C-rate. A C-
rate of τ implies that a nominal capacity Qn will be delivered in 1/τ hours at a constant 
discharge current Id. 
The coulometric efficiency qc of the battery is obtained by dividing the discharge 
capacity Qd by the charge capacity Qc of the cell. A coulometric efficiency qc < 1 implies 




A battery is an energy storage device that directly converts the chemical energy 
stored in the active materials into electrical energy by electrochemical oxidation-
reduction reactions. Based on the reversibility of the electrochemical reactions, batteries 
can be broadly classified into (a) primary or non-rechargeable batteries and (b) secondary 
or rechargeable batteries. In the primary batteries, the active materials undergo 
irreversible chemical reaction. On the other hand, they exhibit reversible chemical 
reactions in secondary batteries. Tables 1.1 and 1.2 list some of the major primary and 
secondary battery systems that are commercially used.1,5 
1.4 THE PRIMARY BATTERY SYSTEMS 
In 1799, Alessandro Volta invented the first battery which came to be known as 
the Voltaic pile. It consisted of pairs of zinc and copper plates piled on top of each other, 
separated by a layer of cloth soaked in brine. This was followed by the invention of 
various other primary batteries like the Daniel cell (1836), Grove cell (1844), Gravity cell 
(1860), Leclanche cell (1866), Zinc-carbon cell (1887), Alkaline Zn-MnO2 cell (1955), 
and the lithium cell (1970’s).7  
The most commonly available primary cell is the alkaline Zn-MnO2 dry cell, 
offering an open circuit voltage of 1.5 V. Recently, the 3 V lithium cells employing a 
lithium anode and an organic electrolyte coupled to MnO2 or other transition metal oxide/ 
sulfide cathodes is becoming increasingly popular due to their higher voltage, higher 
energy density, and wider operating temperatures (-40oC to +60oC).6 Lithium, with an 
atomic mass of 6.941, is the lightest of all the metals and has a high specific capacity 
(3860 mAh/g) along with a high negative reduction potential (-3.01 V vs. SHE). It also 
has a longer shelf life, because the lithium anode reacts with the organic electrolyte, 
forming a passivating film and thus protecting it from further self discharge. 
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Table 1.1: The primary battery systems.1,5 




































































NH4Cl and ZnCl2 (aq) 
Zn + 2MnO2 + 2H2O → 
Zn(OH)2 + 2MnOOH 
 
KOH (aq) 
Zn + 2MnO2 + H2O → 
ZnO + 2MnOOH 
 
KOH (aq) 
Zn + HgO → ZnO + Hg 
 
KOH (aq) 
2Zn + O2 + 2H2O → 
2Zn(OH)2 
 
Organic solvent, Li salt 
2Li + 2SO2 → Li2S2O4 
 
Organic solvent, Li salt 









































1.5 THE SECONDARY BATTERY SYSTEMS 
1.5.1 Lead-Acid battery 
In 1859, Gaston Plante invented the lead-acid battery by spirally rolling two lead 
sheets separated by rubber strips and immersing it in sulphuric acid.7 It is the first battery 
that could be recharged by passing a reverse current through it. The improved version of 
the lead-acid battery consists of a lead anode and a lead oxide cathode immersed in 
sulfuric acid. The low cost coupled with good reversibility makes it a versatile power 
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source for heavy duty applications. Despite its low capacity, it is used in applications 
where weight is not a big concern. It is widely used in automobiles for starting, lighting, 
and ignition (SLI) purposes. 
Table 1.2: The secondary battery systems.1,5 














































H2SO4 aqueous solution 
Pb + PbO2 + 2H2SO4 ↔ 
2PbSO4 + 2 H2O 
 
KOH aqueous solution 
Cd + 2NiOOH + 2H2O ↔ 
2Ni(OH)2 + Cd(OH)2 
 
KOH aqueous solution 
MH + NiOOH ↔ M + 
Ni(OH)2 
 
Organic solvent, Li salt 































1.5.2 Nickel-Cadmium battery 
In 1899, Waldmar Jungner invented the nickel-cadmium battery by using nickel 
oxyhydroxide (NiOOH) cathode, cadmium anode, and an aqueous potassium hydroxide 
electrolyte. It was the first rechargeable battery to use an alkaline electrolyte.7 Compared 
to the lead-acid battery, this has several advantages such as lighter weight, higher energy 
density, longer life, a constant discharge voltage, high rate capability, and it can be 
operated at low temperatures. The KOH electrolyte used in this battery is safer than the 
sulfuric acid used in lead-acid battery. But the cadmium used is more expensive and toxic 
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than lead, resulting in health and disposal problems. It also has an additional intrinsic 
problem called the memory effect, which results in a diminished capacity following an 
incomplete charge/discharge cycle. Though it is more expensive than the lead-acid 
battery, it has found applications in small electronic devices where weight is a major 
concern. In recent years, it is being increasingly replaced by other advanced battery 
systems. 
1.5.3 Nickel-Metal hydride battery 
In the late 1980’s, Stanford Ovshinsky invented the nickel-metal hydride battery 
by replacing the cadmium anode in the nickel-cadmium battery with a metal alloy that 
reversibly absorbs and releases hydrogen during the charge/discharge process.7 It is 
attractive because of its higher energy density and non-toxic nature compared to the Ni-
Cd battery. But the rate capability is lower than that of the Ni-Cd battery.  
1.5.4 Lithium Ion batteries 
Lithium ion batteries were commercialized by Sony Corporation in 1990 and 
since then they have become increasingly popular for small portable electronic devices 
such as cellular phones and laptops.8,9 They involve a reversible intercalation of lithium 
ions into the anode and cathode materials during the charge/discharge process. Lithium 
ion batteries are preferred for portable devices compared to other battery systems due to 
their higher volumetric and gravimetric energy densities (Figure 1.3). In other words, 
lithium ion batteries are smaller and lighter compared to other battery systems.10 They are 
also being intensively pursued for electric-vehicle applications because of the high 
voltage, high energy density, and wide operating temperatures, arising from the use of 
non-aqueous electrolytes. 
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Volumetric energy density (Wh/L)
 
Figure 1.3: Comparison of the gravimetric and volumetric energy densities of popular 
rechargeable battery systems.1,10 
1.6 LITHIUM ION BATTERIES 
1.6.1 Design considerations 
The open circuit voltage Voc of a lithium cell is given by the difference in the 
lithium chemical potential between the cathode (μLi(c)) and the anode (μLi(a)) as, 
Voc = μLi(c) - μLi(a) / F         [1.8] 
where F is the Faraday constant. The schematic energy diagram of a lithium cell at open 
circuit is shown in Figure 1.4. The cell voltage Voc is determined by the energies involved 
in both Li+ ion transfer and electron transfer that take place during discharge. The 
electron transfer energy is related to the work functions of the cathode (ΦC) and the anode 
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(ΦA). The Li+ ion transfer energy is determined by the crystal structure and coordination 
geometry of the site into which the Li+ ions are inserted. It follows that the difference 
between the cathode work function and the anode work function should be as large as 
possible in order to maximize the cell voltage. However, for the electrolyte to be stable, 
the Fermi energy of the cathode and the anode should lie within the band gap Eg 
constituted by the highest occupied molecular orbital (HOMO) and lowest unoccupied 
molecular orbital (LUMO) of the electrolyte. If the Fermi level of the cathode or the 
anode lies outside the band gap of the electrolyte, then the electrons will be transferred 
to/from the electrolyte during the charge/discharge process, resulting in electrolyte 
decomposition.11 
 
Figure 1.4: Relative energy diagram of a lithium cell at open circuit.12 
A typical lithium-ion battery is schematically illustrated in Figure 1.5. The anode 
and the cathode are made of lithium intercalation compounds into/from which the Li+ 
ions are reversibly inserted/extracted. The cell in Figure 1.5 uses the layered LiCoO2 and 












ion batteries are based on organic solvents like ethylene carbonate (EC) in which a 
lithium salt such as LiClO4 is dissolved. Organic electrolytes are preferred over aqueous 
electrolytes since a wider electrolyte window (Eg) helps to attain higher cell voltages. It is 
difficult to attain a high cell voltage with an aqueous electrolyte, as the water in it tends 
to undergo reduction/oxidation at high voltages. 
 
Figure 1.5: Schematic illustration of the charge/discharge process in a rechargeable 
lithium ion battery.12 
The lithium insertion compounds that are used as active materials in the cathode 















(a) To maximize the cell voltage, the cathode work function (ΦC) should be as large 
as possible and the anode work function (ΦA) should be as low as possible, 
within the limits of the band gap separation (Eg) of the electrolyte. ΦC increases 
as the oxidation state of the cathode increases and ΦA decreases as the oxidation 
state of the anode decreases. This implies that the Mn+ transition metal ion in the 
insertion compound LixMyOz should have a high oxidation state to be used as a 
cathode and a low oxidation state to be used as an anode 
(b) To maximize the cell capacity, the insertion compound should allow 
insertion/extraction of a large amount of lithium (x in LixMyOz should be large). 
It depends on the number of available sites the lithium ions have access to and 
also the number of valence states of the transistion metal ion (Mn+) that are 
accessible. 
(c) To maximize the life cycles, the change in the structure of the insertion 
compound during charge and discharge should be minimal. 
(d) To minimize polarization losses and to get a high rate of discharge, the insertion 
compound should have good electronic and Li+ ion conductivities. 
(e) To be commercialized, the insertion compound should be inexpensive, 
environmentally benign, and lightweight. 
 
The lithium metal anode which is normally used in the primary lithium batteries 
cause safety problems when used in rechargeable batteries. Under repeated cycling, the 
lithium metal is prone to dendrite formation that could cause short-circuiting of the 
battery.11,13 This led to the development of lithium ion batteries, in which the lithium 
metal anode is replaced by the carbon anode into which the lithium ions intercalate.14 The 
concept of secondary lithium battery was initially demonstrated using a layered metal 
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sulfide TiS2 as the cathode.15 During the discharge of this cell, the Li+ ions from the 
anode migrate through the electrolyte and intercalate into the van der Walls gap between 
the sulphide layers and simultaneously the electrons flow through the external circuit 
from the anode to cathode forming LixTiS2 in the cathode. Though the concept of 
secondary lithium battery was initially demonstrated using a sulfide cathode, it is difficult 
to achieve high cell voltage using sulfide cathodes. This is because of the inability to 
stabilize higher oxidation states of the transition metal ions in sulfides, due to the overlap 
of the higher valent Mn+:3d energy band with the top of the S2-:3p energy band leading to 
the formation of S22- ions. Fortunately, the location of the O2-:2p energy band much 
below the S2-:3p energy band and the higher Madelung energy of the oxides make the 
higher valent states accessible in oxides.16-19 As a result, oxides such as layered LiCoO2, 
LiNiO2, and spinel LiMn2O4 are sought as cathodes for lithium ion batteries. The 
performances of these cathode materials are briefly reviewed below. 
1.6.2 Cathode materials 
1.6.2.1 Lithium cobalt oxide (LiCoO2) cathode 
LiCoO2 has the layered structure in which the O2- ions form a FCC array and the 
Li+ and Co3+ ions occupy alternate (111) planes of the rock salt structure. A unit cell of 
LiCoO2 consists of three CoO2 layers and the Li+ ions occupy the octahedral interstitial 
sites between them (Figure 1.6). Therefore, it is designated appropriately as an O3 type 
layered structure.20 The edge shared CoO6 actahedra provides direct Co-Co interaction 
with the partially filled t2g6-x band that in turn gives good electronic conductivity during 
discharge.21 The high electronic conductivity along with the fast lithium ion diffusion 
between the strongly bonded CoO2 layers offers a high rate of discharge. The highly 
oxidized Co3+/4+ redox couple provides cell voltage of around 4 V vs. lithium anode. 
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Unlike some of the 3d transition metal ions, the low spin Co3+/Co4+ ions do not migrate to 
the Li+ plane during charge-discharge due to their high octahedral site stabilization 
energy.22 These distinct features make LiCoO2 an attractive cathode material for lithium 
ion batteries. In fact, most of the commercial lithium ion batteries are currently made 
with LiCoO2 cathodes. 
 
Figure 1.6: Crystal structure of LiCoO2 having the O3 type layered structure. The Li+ 
ions occupy the octahedral interstitial sites between the CoO2 layers. 
However, the practical capacity of the LiCoO2 cathode is limited to 140 mAh/g 
(~50%), which corresponds to a reversible extraction of 0.5 lithium per Co ion. This has 
been attributed to the chemical and structural instabilities of LiCoO2 at deep charge (1-x 
< 0.5 in Li1-xCoO2).23,24 This can be explained with the energy band diagram of Li1-xCoO2 
(Figure 1.7). LiCoO2 has a low spin Co3+:3d6 configuration, in which the t2g band is 
completely filled and the eg band is empty. During charge, lithium is extracted from 
LiCoO2, which is accompanied by the oxidation of the Co3+ ions to Co4+ ions by the 
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removal of electrons from the t2g band. Since the t2g band overlaps with the top of the O2-
:2p band, deeper lithium extraction (1-x < 0.5 in Li1-xCoO2) results in the removal of 
electrons from the O2-:2p band as well, which results in chemical instability. Also, the 
CoO2 layers tend to glide relative to one another under deep charging, resulting in the 
formation of P3 and O1 type structures from the initial O3 type structure of LiCoO2.25-29 
In addition, cobalt is relatively toxic and expensive. These disadvantages have initiated a 
search for other lithium intercalation compounds that could possibly substitute for 
LiCoO2 as a cathode active material in commercial lithium ion batteries. 
 
Figure 1.7: Comparison of the qualitative energy diagrams of Li0.5CoO2, Li0.5NiO2, and 
Li0.5Mn2O4.23 
1.6.2.2 Lithium nickel oxide (LiNiO2) cathode 
LiNiO2 crystallizes in the same O3 type layered structure as LiCoO2. The Ni3+/4+ 
redox couple provides a cell voltage of around 4 V corresponding to the reversible 
extraction of lithium ions from the octahedral sites between the NiO2 layers. Compared to 
cobalt, nickel is less toxic and less expensive, which makes LiNiO2 appealing for 
commercial applications. However, the LiNiO2 cathode suffers from a few inherent 
problems. First, the nickel present in LiNiO2 is in the low spin Ni3+:t2g6eg1 configuration 
E 
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that leads to Jahn-Teller distortion (cubic to tetragonal distortion) during the 
charge/discharge processes.30 Unlike LiCoO2, the electronic conductivity of LiNiO2 is 
low because of the completely filled t2g band. Further, it is difficult to synthesize LiNiO2 
with all Ni3+ ions because some Ni3+ ions get reduced to Ni2+ during synthesis at high 
temperatures and that results in a cation mixing of Ni2+/3+ ions in the Li+ plane.31-33 In 
addition, the octahedral site stabilization energy of Ni3+ is lower than that of Co3+ and the 
Ni3+ ions tend to migrate to Li+ planes on deep charging at elevated temperatures.34 The 
presence of Ni3+/4+ ions in the Li+ plane decreases the Li+ ion conductivity that in turn 
decreases the rate capability and cyclability of the battery. These disadvantages make 
LiNiO2 unsuitable for commercial battery applications.  
Some of the disadvantages like cation disorder and Jahn-Teller distortion could be 
overcome by partial substitution of Ni by Co. For example, the compound 
LiNi0.85Co0.15O2 exhibits a higher reversible capacity (180 mAh/g) and good cyclability 
compared to LiCoO2.35-38 Moreover, this compound does not show any significant 
chemical instability on deep charging unlike LiCoO2. This could be due to the removal of 
electrons from the Ni3+/4+:eg band, which barely touches the top of the O2-:2p band 
(Figure 1.7), whereas in LiCoO2, the electrons are removed from the Co3+/4+:t2g band, 
which overlaps with the top of the O2-:2p band. However, LiNi0.85Co0.15O2 suffers from 
the development of impedance during cycling, particularly at elevated temperatures. 
1.6.2.3 Lithium manganese oxide (LiMn2O4) cathode 
Compared to cobalt and nickel, manganese is inexpensive and environmentally 
benign, which make the LiMn2O4 cathodes attractive for commercial battery 
applications.39,40 LiMn2O4 crystallizes in the normal spinel structure in which the oxide 
ions form a cubic closed-packed array and the Li+ and Mn3+/4+ ions occupy the 8a 
tetrahedral and 16d octahedral sites respectively (Figure 1.8). The edge shared MnO6 
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octahedral framework provides direct Mn-Mn interaction that leads to good electrical 
conductivity (small polaron Mn3+/4+). The stable spinel framework provides a good three 
dimensional Li+ ion diffusion through the interconnected interstitial sites.  
 
 
Figure 1.8: Crystal structure of LiMn2O4 spinel. The Li+ ions occupy the tetrahedral 
interstitial sites of the MnO6 octahedra framework. 
An additional lithium ion can also be inserted into the empty 16c sites of the 
spinel framework, but the electrostatic repulsion between the Li+ ions in the 16c 
octahedral site and 8a tetrahedral site causes the displacement of the Li+ ions from the 8a 
site to the neighboring empty 16c site to form a rock salt {Li2}16c[Mn2]16dO4 structure.41,42 
LiMn2O4 provides a cell voltage of 4 V vs. lithium anode, corresponding to the reversible 
extraction of Li+ ion from the 8a tetrahedral site while maintaining the initial cubic 
structure. The insertion of the additional lithium into the 16c sites occurs at around 3 V 
by a two phase process involving the cubic (Li)8a[Mn2]16dO4 spinel and the tetragonal 
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{Li2}16c[Mn2]16dO4 rock salt phase. In spite of the fact that both the Li insertion processes 
involve the same Mn3+/4+ redox couple, the difference of 1 V between them is due to the 
different Li+ site energies involved.43 The anisotropic Jahn-Teller distortion associated 
with the single electron in the eg orbital of the high spin Mn3+:3d4(t2g3eg1) ions is 
responsible for the tetragonal distortion of {Li2}16c[Mn2]16dO4 (Figure 1.9). This 
distortion is accompanied by an increase in the unit-cell volume, which is detrimental to 
the structural integrity and interparticle contact during repeated charge-discharge cycles. 
This limits the usage of LiMn2O4 cathode only to the 4 V region corresponding to the 
extraction/insertion of Li+ ion from/into the 8a tetrahedral site.  
 
 
Figure 1.9: Cubic to tetragonal (Jahn-Teller) distortion arising from Mn3+:3d4 due to the 
single electron present in the eg orbital.12  
Free Mnn+ ion (Mn3+)O6 - Tetragonal  







(Mn4+)O6 - Cubic 
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Nevertheless, LiMn2O4 exhibits capacity fade even in the 4 V region due to 
factors like manganese dissolution44-46 that arises from the disproportionation of Mn3+ 
ions into Mn4+ and Mn2+, Jahn-Teller distortion that could occur at the particle surface 
under high rate of discharge,47 and the development of microstrain due to the large lattice 
parameter difference Δa between the two cubic phases formed during cycling.48-52 
However, LiMn2O4 is quite stable without losing any oxygen from the lattice during the 
charge-discharge process since the electrons are removed from the Mn3+/4+:eg band, 
which lies well above the O2-:2p band as seen in Figure 1.7.23 
The capacity fade of LiMn2O4 could be overcome by increasing the oxidation 
state of Mn since Mn4+:3d3(t2g3eg0) does not undergo Jahn-Teller distortion. The oxidation 
state can be increased either by increasing the oxygen content or by cationic substitutions. 
Soft chemistry synthesis methods result in the formation of excess oxygen (or cation 
deficient) LiMn2O4+δ spinel oxides. Lithium ion substitution for manganese to give 
LiMn2-yLiyO4 could also increase the oxidation state of manganese. But the above said 
two strategies lead to a decrease in the 4 V capacity of the spinel compound.53-56 For 
example, the end members Li2Mn4O9 (excess oxygen) and Li4Mn5O12 (excess lithium) do 
not show any 4 V capacity, corresponding to the reversible extraction of lithium from the 
8a tetrahedral sites. 
1.6.2.4 High voltage spinel (LiMn2-xMxO4) cathodes 
Substitutions of other transition metal ions for manganese have also been pursued 
to improve the electrochemical performance of the spinel LiMn2O4 oxide. However, the 
transition metal ion substituted LiMn2-xMxO4 (M= Cr, Co, Ni, Fe, and Cu)57-80 spinel 
oxides exhibit two plateaus for the reversible extraction of lithium from the 8a tetrahedral 
sites, one around 4 V corresponding to the Mn3+/4+ redox couple and the other around 5 V 
corresponding to the substituted cationic redox couples like Ni3+/4+, Co3+/4+ etc. Although 
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cathodes with 5 V capacity are attractive for high power density applications, they are 
prone to chemical instability due to the overlap of the 3d energy band of the substituted 
transition metal ions with the O2-:2p band. However, the chemical instability can be 
minimized if Ni is the substituted element since the Ni2+/4+:eg band barely touches the top 
of the O2-:2p band as seen in Figure 1.7.23 Figure 1.10 shows the first discharge curves of 
various high voltage spinel oxides. Of all the cation substituted LiMn2-xMxO4 (M= Cr, 
Co, Ni, Fe, and Cu) spinel oxides, the compound LiMn1.5Ni0.5O4 shows the highest 5 V 
capacity and the least 4 V capacity.57-64 























Figure 1.10: The first discharge curves of the 5 V cation substituted LiMn2-xMxO4 (M= 
Cr, Co, Ni, Fe, and Cu) spinel oxides. 
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1.6.2.5 Other cathode materials 
Lithium iron sulfates and phosphates including Fe2(SO4)3 and LiFePO4 were 
attractive as cathode materials for lithium batteries, as they are inexpensive, non-toxic 
and environmentally benign. Fe2(SO4)3 has an open NASICON structure where the FeO6 
octahedra share corners with the SO4 tetrahedra, generating 3-D voids for Li+ ion 
insertion.81 It shows a flat discharge curve around 3.6 V and a capacity of 160 mAh/g. 
LiFePO4 has an olivine structure where the FeO6 octahedra share corners with the PO4 
tetrahedra (Figure 1.11).82-84 With a theoretical capacity of 170 mAh/g and a flat 
discharge curve around 3.4 V, it was intensively pursued for commercial purposes. 





Figure 1.11: Crystal structure of olivine LiFePO4. 
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Most of the high-voltage (> 4.5 V) cathode materials are based on the spinel 
structure, which can be expressed as LiM2-xM’xO4 (M = Mn or V and M’ = Cr, Fe, Co, Ni 
and Cu)57-80,85,86 excepting LiCoPO4 that has the olivine structure. However, similar to 
LiFePO4, LiCoPO4 is also plagued with low electronic and lithium ion conductivity and 
thus exhibits a poor rate capability (Figure 1.12).87 Other oxides such as vanadium oxides 
(VO2, V6O13, V2O5, etc.,),88,89 chromium oxides (Cr2O3, CrO2, Cr2O5, etc.,),90,91 and 
molybdenum oxides (MoO3)92 were also being explored as cathode materials for lithium 
batteries. But their overall performance is still inferior compared to the mainstream 
layered and spinel cathode materials. 





















Figure 1.12: Rate capability of the 5 V olivine LiCoPO4. 
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1.6.3 Anode materials 
Metallic lithium, with a specific capacity of 3860 mAh/g, is the ideal anode 
material for primary lithium batteries. However, it cannot be used in secondary lithium 
batteries due to a lower cycling efficiency and inherent safety issues such as reactivity 
and dendrite formation during cycling. In this regard, several lithium insertion materials 
were pursued as anode materials. Since both the anode and the cathode were insertion 
materials, the lithium ion battery is also referred to as a “shuttle” battery or a “rocking 
chair” battery. However, to be a good anode insertion material, it should exhibit a lower 
discharge voltage vs. Li/Li+ and it should also be able to store a reasonably large quantity 
of lithium ions in its structure. At present, graphitic carbon is mostly used as the anode 
material in most commercial lithium ion batteries as it exhibits a discharge voltage less 
than 0.5 V vs. Li/Li+ and a specific capacity around 300 mAh/g. In addition, graphitic 
carbon is light weight, abundant, safe, and dimensionally stable compared to the other 
insertion anode materials. At ambient pressure, a maximum of one Li atom per six carbon 
atoms can be inserted for highly crystalline graphitic carbon (x ≤ 1 in LixC6).93 However, 
it shows a significant irreversible capacity loss in the initial few cycles. This irreversible 
capacity loss in the initial few cycles is generally attributed to the formation of a 
protective solid electrolyte interfacial (SEI) layer on the surface of the carbon. Other 
insertion materials such as Li4Ti5O12,94.95 tin oxides,96 and metal alloys97,98 were pursued 
as anode materials for lithium ion batteries, but they could not replace the carbon anode 
due to, respectively, a higher potential vs. Li/Li+, significant irreversible loss, and a larger 
volume change leading to a poor cyclability. 
1.6.4 Electrolytes 
Since water is not stable at the working voltage of the lithium battery, non-
aqueous organic electrolytes with a wider electrochemical stability widow have to be 
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used, albeit with lower ionic conductivities than the aqueous electrolytes. The critical 
factors in selecting an electrolyte are its compatibility with the electrodes, good solubility 
for lithium salts, low vapor pressure, and thermal stability. Propylene carbonate (PC) 
based electrolytes were widely used in lithium primary batteries. However, in the case of 
lithium ion cells with graphitic carbon anodes, the choice of the electrolyte is restricted 
primarily to systems based on ethylene carbonate (EC) since those based on other 
solvents tend to cause exfoliation of the graphite.99,100 Since EC is a solid at room 
temperature, it is usually mixed with low viscous solvents like dimethyl carbonate 
(DMC) or diethyl carbonate (DEC).  
The most preferred lithium salt is lithium hexafluorophosphate (LiPF6), although 
other lithium salts such as lithium perchlorate (LiClO4), lithuim hexafluroarsenate 
(LiAsF6), and lithium hexafluoroantimonate (LiSbF6) could be also used. In fact, EC 
based electrolytes with LiPF6 salt are stable over 5 V and are being used in most 
commercial lithium ion batteries. However, these organic electrolytes are flammable and 
may undergo decomposition due to the high oxidizing potential of the transition-metal 
oxide cathodes. To overcome these disadvantages, thin ‘solid polymer electrolyte’ 
membranes (SPE) comprising lithium salts dissolved in a suitable polymer matrix (e.g. 
polypropylene oxide) are being intensively pursued for next generation lithium ion 
batteries.101 
1.6.5 Separators 
The separator is used in a battery to prevent direct electronic contact between the 
anode and the cathode, while allowing ionic transfer between them. Owing to a poor 
ionic conductivity of the organic electrolytes, the separator used in the lithium ion battery 
should be thinner and mechanically stronger, apart from being chemically and 
electrochemically stable at the operating voltage of the battery. In addition, the separator 
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used in a lithium ion battery should also act as a safety shutdown device by melting down 
and ceasing the current flow through the battery, in case of an overcharge, overdischarge, 
or an electrical short circuit. For these reasons, most commercial lithium ion batteries 
employ a polyethylene (PE) or a polypropylene (PP) film separator.102 
1.6.6 Safety devices 
In addition to the shutdown membrane, the commercial lithium ion batteries are 
equipped with other safety devices such as a safety vent, a positive thermal coefficient 
(PTC) element, and external control circuits. The safety vent is designed to release any 
unexpected high pressure build-up inside the battery during abnormal conditions by 
permanently detaching the tab from the positive terminal and thus averting further current 
flow through the battery.103 PTC is a temperature controlled device that operates by 
ceasing the current flow, in the event of a battery temperature increase above a critical 
value. External control circuits are designed to keep the battery voltage under normal 
operating conditions without any overcharge or overdischarge arising from a faulty 
battery charger or devices. 
1.7 OBJECTIVES 
Lithium ion batteries are becoming the leading power sources for portable 
electronic devices such as cellular phones and lap tops. They are also a potential 
candidate to power electric and the hybrid electric vehicles. Most commercial lithium ion 
batteries currently employ the LiCoO2 cathode. But, Co is toxic and expensive. In this 
regard, the spinel LiMn2O4 cathode is being investigated extensively as Mn is 
inexpensive and environmentally benign, but it suffers from capacity fade arising from 
manganese dissolution and Jahn-Teller distortion, due to the presence of high Mn3+ 
content. However, the LiMn1.5Ni0.5O4 spinel is appealing as the capacity-fading problem 
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can be minimized since Mn in this compound is in the 4+ oxidation state. LiMn1.5Ni0.5O4 
spinel oxide is also attractive for high power applications since it offers a higher cell 
voltage (~5 V), as the entire capacity is due to the Ni2+/4+ redox couple. However, the 
capacity retention of LiMn1.5Ni0.5O4 has to be still improved to match the performance of 
the LiCoO2 cathode.  
The objective of this study is to improve the 5 V capacity and cyclability of the 
LiMn1.5Ni0.5O4 spinel system by substitution of various transition and non-transition 
metal ions for Mn and Ni. Further, in order to identify the origin of the improved 
electrochemical performance, I focus on the phase transitions occurring during the 
charge-discharge process to correlate the electrochemical performance of the cation 
substituted spinel LiMn1.5-yNi0.5-zMy+zO4 (M = Li, Mg, Fe, Co, and Zn) cathodes to the 
lattice parameter differences among the cubic phases formed during charge-discharge 
process. 
In addition, to investigate the chemical instability, a quantitative determination of 
the oxygen and proton contents in the chemically delithiated spinel oxides (Li1-
xMn1.58Ni0.42O4 and Li1-xCo2O4 ) has been carried out with Prompt Gamma-ray Activation 
Analysis (PGAA) and the results are complemented with the redox titrations and 
thermogravimetric analysis (TGA) data. Encouraged by these findings, I also focus on the 
possibility of oxygen loss from and proton insertion into the high capacity layered oxide 
cathodes formed by the solid solutions among Li[Li1/3Mn2/3]O2, LiCoO2, and LiNiO2. 
Some members of such solid solutions are known to exhibit a high capacity of around 
250 mAh/g, which is two times higher than that realized with the currently used LiCoO2 
cathode, and an investigation of their chemical and structural stabilities will enhance our 
understanding of the factors controlling the capacity and energy densities of these 




2.1 MATERIALS SYNTHESIS 
All the spinel and layered oxide samples investigated in this work were 
synthesized by a hydroxide precursor method. The procedure involves the precipitation of 
the hydroxide precursors first from a solution containing required quantities of 
manganese, nickel, and cobalt acetates and either acetate, nitrate or sulfate of the 
substituted element by adding KOH, followed by mixing the oven-dried hydroxide 
precursor with a required amount of LiOH٠H2O and firing at 900 oC in either air or 
flowing oxygen atmosphere for 12 h with a heating/cooling rate of 1 oC/min. Additional 
details on materials synthesis are given in the individual chapters. 
2.2 CHEMICAL DELITHIATION 
Chemical extraction of lithium was carried out by stirring the spinel or layered 
Li[My]Oz oxide powder with an acetonitrile solution of the oxidizer NO2BF4 for 2 days 
under argon atmosphere using a Schlenk line.24 In general, the reaction is given by, 
 
Li[My]Oz + x NO2BF4 → Li1-x[My]Oz + x NO2 + x LiBF4   [2.1] 
 
The NO2+/NO2 redox couple in the NO2BF4 oxidizer shows an oxidizing power of 
2.1 V vs. NHE,104 which corresponds to 5.1 V vs. Li+/Li, and thus extracts most of the 
lithium from the spinel and layered oxide cathodes investigated in this work. By 
controlling the molar ratio of the oxide samples to the NO2BF4 oxidizer in the initial 
reaction mixture, Li1-x[My]Oz powders with various lithium contents (1-x) could be 
 29
obtained. After the completion of the reaction, the products were washed several times 
with acetonitrile under argon atmosphere to remove LiBF4 and dried under vacuum at 
ambient temperature. The delithiated samples were then collected inside an argon-filled 
glove box and characterized instantly to avoid contamination from moisture in air. 
2.3 MANGANESE DISSOLUTION 
The degree of manganese dissolution was assessed by soaking the oxide samples 
for 7 days at 55 oC in an electrolyte consisting of 1 M LiPF6 in 1:1 ethylene carbonate 
(EC) /diethyl carbonate (DEC) enclosed in a Teflon vessel. The electrolyte was then 
collected by filtration with a glass filter and diluted with deionized water and nitric 
acid.105,106 The amount of manganese in the electrolyte was then determined by atomic 
absorption spectroscopy (AAS). 
2.4 MATERIALS CHARACTERIZATION 
The as-synthesized and the delithiated samples were characterized by the 
following techniques. More specific procedures will be presented in the respective 
chapters. 
2.4.1 X-ray powder diffraction (XRD) 
X-ray powder diffraction data were collected with a Philips X-ray diffractometer 
with Cu Kα radiation to identify the phases in the samples. The X-ray specimen was 
prepared by spreading the finely ground powder onto a glass slide using a few drops of 
amyl acetate. Diffraction patterns were recorded at a slow scan rate of 0.02o per 5 
seconds between 10 and 80o. The collected data were compared with the JCPDS files for 
phase identification using the JADE software. The crystal structure of the phases and 
their lattice parameters were determined by Rietveld refinement of the X-ray diffraction 
data using the DBWS-9411 program.107,108 
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2.4.2 Atomic absorption spectroscopy (AAS) 
A Perkin-Elmer 1100 atomic adsorption spectrometer (AAS) was used to 
determine the lithium content in the as-synthesized and delithiated oxide samples. The 
sample solution was prepared by dissolving about 40 mg of the sample in concentrated 
HCl and then heating around 60 oC for 30 minutes to completely dissolve the samples, 
followed by diluting to the required concentration with deionized water. The instrument 
was calibrated with a standard solution containing a known amount of the element being 
analyzed. For this work, the lithium standard solution of concentration 2.00 mg/L was 
prepared by dissolving Li2CO3 and the manganese standard solution of concentration 
2.00 mg/L was prepared by dissolving MnO2. 
2.4.3 Redox titration 
A redox titration was used to determine the average oxidation state of the 
transistion metal ions and the oxygen content of the samples.109 About 30 mg of the 
sample was dissolved in a mixture of 20 ml of 4 N H2SO4 and 20 ml of 0.05 N Na2C2O4 
(sodium oxalate) at around 70 oC. During this process, all M(2+x)+ is reduced to M2+ (e.g., 
Mn2+, Co2+, Ni2+) as per the reaction shown below. 
x C2O42- + 2M(2+x)+ → 2M2+ + 2x CO2                 [2.2] 
The unreacted C2O42- in the solution was then determined by titrating the warm 
solution with a 0.05 N KMnO4 solution. During this process, the following reaction 
occurs: 
      5(C2O4)2- + 2Mn7+  2Mn2+ + 10CO2             [2.3] 
At the end point, the solution turns from colorless to pink. From the volume of 
KMnO4 consumed, we can get the value of x (the extent of oxidation above M2+) as 
shown below: 
x   =     [(Normality of KMnO4)*(V1-V2)*FW]/ Sample weight (mg) [2.4] 
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where 
V1 = volume of KMnO4 solution (ml) consumed by 20 ml of 0.05 N Na2C2O4. 
V2 = volume of KMnO4 solution (ml) consumed in the titration with the sample 
and 20 ml of 0.05 N Na2C2O4. 
FW = formula weight of the sample (g/mol). 
From the value of x, the average oxidation state of the transistion metal ions and hence 
the oxygen content of the sample were determined using the charge neutrality principle. 
2.4.4 Thermogravimetric analysis (TGA) 
A Perkin-Elmer series 7 thermogravimetric analyzer (TGA) was used to study the 
change in the mass of the samples with increasing temperature. 
2.4.5 Scanning electron microscopy (SEM) 
A JEOL JSM-5610 scanning electron microscope (SEM) coupled with an energy 
dispersive spectrometer (EDS) was used to study the morphology and the elemental 
distribution of the powder samples. 
2.4.6 Prompt gamma-ray activation analysis (PGAA) 
Since there is a possibility of ion exchange of Li+ ions by H+ ions that could be 
produced by an oxidation of acetonitrile by the powerful oxidizer NO2BF4 during 
chemical delithiation, direct quantitative measurements of hydrogen contents in the 
chemically delithiated samples were carried out with prompt gamma-ray activation 
analysis (PGAA) by irradiating the samples for 2 h at a reactor power of 950 kW.110 The 
PGAA technique is based on the detection of gamma rays emitted by a target material 
while it is being irradiated with thermal neutrons. It is a nondestructive technique 
employed for measuring trace concentrations of short lived, light elements such as 
hydrogen and boron, which are difficult to be determined with other traditional 
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techniques. During sample irradiation, the elemental nuclei undergo neutron capture and 
emit prompt gamma-rays upon de-excitation, which are then measured using a high 
purity germanium detector.111 Hydrogen emits a single prompt gamma-ray peak at 
2223.25 keV on de-excitation and it is straightforward to detect it with PGAA as shown 









1 +→→+ HHnH    [2.5] 
2.5 ELECTROCHEMICAL CHARACTERIZATION 
Electrochemical performances of the layered and spinel oxide samples were 
evaluated with CR2032 coin cells. The cathodes were prepared by mixing 75 wt % active 
material with 20 wt % conductive carbon and 5 wt % polytetrafluoroethylene (PTFE) 
binder, rolling the mixture into thin sheets, and cutting into circular electrodes of 0.64 
cm2 area. The electrodes typically had an active material content of ~ 7 mg. The coin 
cells were fabricated with the cathodes, metallic lithium anode, 1 M LiPF6 in 1:1 diethyl 
carbonate/ethylene carbonate electrolyte, and Celgard polypropylene separator. Cycle 
performance testing of the thus assembled coin cells was evaluated using an Arbin 






Influence of Lattice Parameter Differences on the Electrochemical 
Performance of the 5 V Spinel LiMn1.5−yNi0.5−zMy+zO4 (M = Li, Mg, Fe, 
Co, and Zn) Cathodes 
3.1 INTRODUCTION 
Most commercial lithium ion cells are presently made with the layered LiCoO2 
cathode, but only 50% of its theoretical capacity could be utilized in practical cells. Also, 
Co is expensive and toxic. These drawbacks have created enormous interest in alternative 
cathodes like spinel LiMn2O4 as Mn is inexpensive and environmentally benign.  
However, LiMn2O4 suffers from severe capacity fade at elevated temperatures, and 
several mechanisms such as Jahn-Teller distortion,47 manganese dissolution into the 
electrolyte,46 formation of two cubic phases,48 and development of microstrain due to the 
large lattice parameter difference Δa between the two cubic phases formed during 
cycling49-52 have been suggested to be the source of capacity fade. Minimization of the Δa 
by multiple cationic substitutions has been found to improve the cyclability, rate 
capability, and storage characteristics.50-52 
Recently, several groups57-64 have investigated the spinel LiMn1.5Ni0.5O4 cathodes, 
which exhibits high discharge capacity ~ 130 mAh/g (theoretical capacity: 147 mAh/g) at 
around 4.7 V involving the Ni2+/3+ and Ni3+/4+ redox couples.  The higher voltage is 
particularly attractive to enhance both the energy and power densities. Additionally, the 
substitution of only ~ 25% of the Mn by Ni still keeps the cost and toxicity much lower 
compared to those with the currently used LiCoO2 cathodes. More recently, some studies 
have shown an improvement in the capacity retention of LiMn1.5Ni0.5O4 by cation doping. 
For example, substitutions of other cations for Mn and Ni in LiMn1.5-yNi0.5-zMy+zO4 (M = 
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Mg, Cr, and Co) have been found to improve the cyclability.57-60 However, a basic 
understanding of the reasons for the improvement in capacity retention is not clear in the 
literature.  
In this chapter, a systematic investigation of a number of cation substituted 5 V 
spinel LiMn1.5-yNi0.5-zMy+zO4 (M = Li, Mg, Fe, Co, and Zn) cathodes is performed to 
correlate its electrochemical performance to the lattice parameter differences among the 
cubic phases formed during the charge-discharge process. In addition, the influence of 
manganese ion dissolution on the electrochemical performance of the cation substituted 5 
V spinel oxides is investigated. 
3.2 EXPERIMENTAL 
The LiMn1.5-yNi0.5-zMy+zO4 (M = Li, Mg, Fe, Co, and Zn) samples were 
synthesized by a hydroxide precursor method, as described in chapter 2 and fired at 900 
oC in a flowing oxygen atmosphere for 12 h with a heating/cooling rate of 1oC/min.  
The cathodes for evaluating the electrochemical performances were prepared as 
described in chapter 2, and the electrochemical performance evaluations were carried out 
with CR2032 coin cells at a current density of 0.2 mA/cm2 between 5 and 3.5 V. 
Chemical extraction of lithium was carried out by stirring the LiMn1.5-yNi0.5-zMy+zO4 
powder with an acetonitrile solution of the oxidizer NO2BF4, as described in chapter 2. 
The products obtained were used for monitoring the lattice parameter variation with 
lithium content. The lithium contents were determined by atomic absorption spectroscopy 
and the lattice parameters were calculated with Rietveld analysis of the X-ray diffraction 
data.107 The degree of manganese dissolution was assessed by soaking the LiMn1.5-yNi0.5-
zMy+zO4 samples for 7 days at 55 oC in an electrolyte consisting of 1 M LiPF6 in 1:1 
ethylene carbonate/diethyl carbonate and determining the amount of manganese in the 
electrolyte with atomic absorption spectroscopy.  
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3.3 RESULTS AND DISCUSSION 
3.3.1 Electrochemical performance of the cation substituted 5 V spinel cathodes 
Figure 3.1a shows the X-ray diffraction (XRD) pattern of LiMn1.5Ni0.5O4 
synthesized by the hydroxide precursor method. In addition to the spinel reflections, the 
pattern shows a few weak reflections corresponding to the impurity phase LixNi1-xO 
having the rock salt structure, which is in agreement with the previous reports involving 
solid state or sol-gel synthesis.61 The formation of the LixNi1-xO impurity phase results in 
a decrease in the Ni content of the spinel phase as shown by the generalized reaction:  
LiMn1.5Ni0.5O4  ↔  α LixNi1-xO + β LiMn1.5+yNi0.5-yO4 + γ O2  [3.1] 
in which α, β and γ define the relative amounts of the LixNi1-xO, LiMn1.5+yNi0.5-yO4 and 
O2 phases, respectively. From XPS studies, nickel has been found to be present as Ni2+ in 
LiMn1.5Ni0.5O4.76 This would suggest the absence of Mn3+ and one would expect the 
entire capacity to occur in the 5 V region due to the Ni2+/4+ redox couple. However, the 
formation of a small amount of the impurity phase LixNi1-xO, leads to a decrease in the 
nickel content in the spinel phase and a consequent introduction of some Mn3+.61 The 
presence of Mn3+ in LiMn1.5Ni0.5O4 causes the development of the 4 V plateau and a 
decrease in the 5 V capacity as shown in Figure 3.2. Attempts to eliminate the impurity 
phase by increasing the firing duration or changing the firing atmosphere were 
unsuccessful. A firing temperature of above 750 oC invariably resulted in the formation 
of the impurity phase as has been found before.61 This observation suggests that the 
solubility limit of Ni in the LiMn2-yNiyO4 spinel phase could be y < 0.5.  
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Figure 3.1: X-ray diffraction patterns of (a) LiMn1.5Ni0.5O4, (b) LiMn1.58Ni0.42O4 and (c) 
Li1.053Mn1.527Ni0.42O2 synthesized by the hydroxide precursor method. The 
reflections marked with (hkl) values refer to spinel and those marked with * 
refer to the impurity phase LixNi1-xO. 
By a systematic analysis, we found that the LixNi1-xO impurity phase could be 
suppressed for y ≤ 0.42 as seen in Figure 3.1b, for the sample LiMn1.58Ni0.42O4. Based on 
this finding, we kept the Ni content y at or below 0.42 in all our succeeding 
compositions. However, while we suppressed the formation of LixNi1-xO impurity phase 
in LiMn1.58Ni0.42O4, the reduction of Ni content results in a consequent introduction of 
some Mn3+ ion in the compound and thus it exhibits a small 4 V plateau (Figure 3.2), 
similar to the parent LiMn1.5Ni0.5O4 cathode. One way to overcome this is to substitute a 
small amount of Li for Mn in LiMn1.58Ni0.42O4, forming the single phase 
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Li1.053Mn1.527Ni0.42O2, which theoretically does not have any Mn3+ ion content in its 
composition. As expected, the compound Li1.053Mn1.527Ni0.42O2 shows a much reduced 4 
V plateau and a relatively higher 5 V plateau than the LiMn1.5Ni0.5O4 and 
LiMn1.58Ni0.42O4 cathode. 




















Figure 3.2: First discharge profiles of LiMn1.5Ni0.5O4, LiMn1.58Ni0.42O4 and 
Li1.053Mn1.527Ni0.42O2, recorded at a current density of 0.2 mA/cm2 between 
5 and 3.5 V. 
Figure 3.3 shows the electrochemical cycling performance of the cathodes. 
Although the impurity phase formation is suppressed in LiMn1.58Ni0.42O4 and 
Li1.053Mn1.527Ni0.42O2 cathodes, the cycling performance does not improve much 
compared to the parent LiMn1.5Ni0.5O4 cathode. Therefore, to improve the cycling 
performance of the 5 V spinel system, we tried substituting small amount of various 
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transition and non-transition metal ions such as Co3+, Fe3+, Mg2+, and Zn2+ for Mn and Ni 
in the composition. 
























Figure 3.3: Comparison of the cycling performances of the LiMn1.58Ni0.42O4 and 
Li1.053Mn1.527Ni0.42O2 cathodes with that of LiMn1.5Ni0.5O4. The data were 
collected at a current density of 0.2 mA/cm2 between 5.0 and 3.5 V. 
Figure 3.4 compares the cycling performances of the LiMn1.5-yNi0.5-zMy+zO4 (M = 
Li, Fe, Co, and Zn) samples with that of LiMn1.5Ni0.5O4. The Ni content (0.5-z) in the 
LiMn1.5-yNi0.5-zMy+zO4 samples is maintained at 0.42 to eliminate the NiO impurity. 
Moreover, the LiMn1.5-yNi0.5-zMy+zO4 compositions were designed in such a way to 
maintain charge neutrality without introducing Mn3+ ions. All the cation substituted 
samples show better capacity retention than the unsubstituted LiMn1.5Ni0.5O4 although 
some of them exhibit lower capacities, as has  been found before by other groups.57-60 For 
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example, LiMn1.42Ni0.42Co0.16O4 and LiMn1.5Ni0.42Zn0.08O4 exhibit capacity retentions of 
> 97 % in 50 cycles compared to 92 % for LiMn1.5Ni0.5O4. 
































Figure 3.4: Comparison of the cycling performances of the cation substituted spinel 
LiMn1.5-yNi0.5-zMy+zO4 (M = Li, Fe, Co, and Zn) cathodes with that of 
LiMn1.5Ni0.5O4. The data were collected at a current density of 0.2 mA/cm2 
between 5.0 and 3.5 V at room temperature. 
Rate capabilities of the LiMn1.5-yNi0.5-zMy+zO4 cathodes were investigated by 
charging at the same rate of C/5 and discharging at C/10, C/5, C/2, 1C, 2C, and 4C 
between 5.0 and 3.5 V. The discharge profiles collected at various rates of LiMn1.5Ni0.5O4 
and LiMn1.42Ni0.42Co0.16O4 in Figure 3.5, for example, reveal that the cation substituted 
LiMn1.42Ni0.42Co0.16O4 exhibits better rate capability (retaining > 92 % of the capacity on 
going from C/10 to 4C rate) than LiMn1.5Ni0.5O4 (82 %). The high rate capability is 
particularly attractive for electric vehicle applications. 
 40



























Figure 3.5: Comparison of the discharge profiles of LiMn1.5Ni0.5O4 and 
LiMn1.42Ni0.42Co0.16O4 at various rates, illustrating the rate capability. 
3.3.2 Phase transitions occurring in the 5 V LiMn1.5−yNi0.5−zMy+zO4 cathodes 
during the charge-discharge process 
In order to identify the origin of the improved electrochemical performance of the 
cation substituted 5 V LiMn1.5-yNi0.5-zMy+zO4 cathodes, we focused on the phase 
transitions occurring during the charge-discharge process. The 4 V LiMn2O4 spinel was 
known to exhibit the formation of two cubic phases during the charge-discharge process 
(Figure 3.6 and 3.7).48-52 In comparison, the 5 V spinel LiMn1.5Ni0.5O4 was found to 
exhibit three cubic phases during the charge-discharge process.62 
 41
















Cu Kα 2θ (Degree)
 
Figure 3.6: X-ray diffraction patterns of the 4 V spinel Li1-xMn2O4 samples that were 
obtained by chemically extracting lithium with NO2BF4. 





















Figure 3.7: Variations of the lattice parameters with lithium content (1-x) in Li1-
xMn2O4: first cubic phase (■) and second cubic phase (○). 
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Figure 3.8: X-ray diffraction patterns of the 5 V spinel Li1-xMn1.5Ni0.5O4 samples that 
were obtained by chemically extracting lithium with NO2BF4. 


















Figure 3.9: Variations of the lattice parameters with lithium content (1-x) in Li1-
xMn1.5Ni0.5O4: first cubic phase (■); second cubic phase (○); and third cubic 
phase (▲). 
 43
Figure 3.8 shows the evolution of the XRD patterns of the Li1-xMn1.5Ni0.5O4 
samples that were obtained by chemically extracting lithium with NO2BF4. Using 
Rietveld analysis, the lattice parameter values of these three cubic phases can be 
calculated individually (Figure 3.9). The formation of three cubic phases in the 5 V spinel 
LiMn1.5Ni0.5O4 cathode was further confirmed by electrochemical extraction of lithium 
from the cathode using an CR2032 coin cell and collecting the XRD patterns of the 
cathode at different depths of charge (Figure 3.10). Although we are able to observe the 
formation of three cubic phases by electrochemical delithiation, chemical delithiation 
using the NO2BF4 oxidizer yields bulk samples free from carbon and binder making any 
further structural and chemical analysis of the delithiated samples possible. Figures 3.11 
to 3.26, show the evolution of the XRD patterns and the variations in the lattice 
parameter values of the three cubic phases that were formed on chemically extracting 
lithium from various cation substituted 5 V LiMn1.5-yNi0.5-zMy+zO4 cathodes. 
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Figure 3.10: X-ray diffraction patterns of the 5 V spinel Li1-xMn1.5Ni0.5O4 samples that 
were obtained by electrochemically extracting lithium. 
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Figure 3.11: X-ray diffraction patterns of the 5 V spinel Li1-xMn1.58Ni0.42O4 samples that 
were obtained by chemically extracting lithium with NO2BF4. 




















Figure 3.12: Variations of the lattice parameters with lithium content (1-x) in Li1-
xMn1.58Ni0.42O4: first cubic phase (■); second cubic phase (○); and third 
cubic phase (▲). 
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Figure 3.13: X-ray diffraction patterns of the 5 V spinel Li1-xLi0.053Mn1.527Ni0.42O4 
samples that were obtained by chemically extracting lithium with NO2BF4. 


















Figure 3.14: Variations of the lattice parameters with lithium content (1-x) in Li1-
xLi0.053Mn1.527Ni0.42O4: first cubic phase (■); second cubic phase (○); and 
third cubic phase (▲). 
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Figure 3.15: X-ray diffraction patterns of the 5 V spinel Li1-xMn1.5Ni0.42Mg0.08O4 samples 
that were obtained by chemically extracting lithium with NO2BF4. 




















Figure 3.16: Variations of the lattice parameters with lithium content (1-x) in Li1-
xMn1.5Ni0.42Mg0.08O4: first cubic phase (■); second cubic phase (○); and 
third cubic phase (▲). 
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Figure 3.17: X-ray diffraction patterns of the 5 V spinel Li1-xLi0.026Mn1.474Ni0.42Fe0.08O4 
samples that were obtained by chemically extracting lithium with NO2BF4. 


















Figure 3.18: Variations of the lattice parameters with lithium content (1-x) in Li1-
xLi0.026Mn1.474Ni0.42Fe0.08O4: first cubic phase (■); second cubic phase (○); 
and third cubic phase (▲). 
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Figure 3.19: X-ray diffraction patterns of the 5 V spinel Li1-xMn1.42Ni0.42Fe0.16O4 samples 
that were obtained by chemically extracting lithium with NO2BF4. 





















Figure 3.20: Variations of the lattice parameters with lithium content (1-x) in Li1-
xMn1.42Ni0.42Fe0.16O4: first cubic phase (■); second cubic phase (○); and 
third cubic phase (▲). 
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Figure 3.21: X-ray diffraction patterns of the 5 V spinel Li1-xLi0.026Mn1.474Ni0.42Co0.08O4 
samples that were obtained by chemically extracting lithium with NO2BF4. 


















Figure 3.22: Variations of the lattice parameters with lithium content (1-x) in Li1-
xLi0.026Mn1.474Ni0.42Co0.08O4: first cubic phase (■); second cubic phase (○); 
and third cubic phase (▲). 
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Figure 3.23: X-ray diffraction patterns of the 5 V spinel Li1-xMn1.42Ni0.42Co0.16O4 samples 
that were obtained by chemically extracting lithium with NO2BF4. 


















Figure 3.24: Variations of the lattice parameters with lithium content (1-x) in Li1-
xMn1.42Ni0.42Co0.16O4: first cubic phase (■); second cubic phase (○); and 
third cubic phase (▲). 
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Figure 3.25: X-ray diffraction patterns of the 5 V spinel Li1-xMn1.5Ni0.42Zn0.08O4 samples 
that were obtained by chemically extracting lithium with NO2BF4. 


















Figure 3.26: Variations of the lattice parameters with lithium content (1-x) in Li1-
xMn1.5Ni0.42Zn0.08O4: first cubic phase (■); second cubic phase (○); and third 
cubic phase (▲). 
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Although the formation of three cubic phases is clearly evident from the distinct 
and well separated XRD reflections in a few systems such as Li1-xMn1.5Ni0.5O4, Li1-
xMn1.58Ni0.42O4, and Li1-xLi0.053Mn1.527Ni0.42O4, such a clear separation of reflections is 
not seen in systems such as Li1-xMn1.42Ni0.42Fe0.16O4, and LiMn1.42Ni0.42Co0.16O4; instead, 
the latter exhibits only broad peaks due to very close lattice parameter values between the 
cubic phases. For example, the Li1-xMn1.42Ni0.42Co0.16O4 sample exhibits broad reflections 
at (1-x) = 0.24 (two phase region) while the reflections are sharp enough to show the 
separation between the Kα1 and Kα2 peaks for (1-x) = 0.85 (single phase region). 
However, the broad peaks in the two-phase regions of the Li1-xMn1.42Ni0.42Co0.16O4 
samples could be resolved into two cubic phases by Rietveld analysis and the lattice 
parameter values of the cubic phases are plotted in Figure 3.24.  
3.3.3 Influence of lattice parameter differences between the cubic phases on the 
capacity fade of the 5 V spinel cathodes 
Figure 3.27 compares the variations of the lattice parameter values of the cubic 
phases with lithium content (1-x) in Li1-xMn1.5Ni0.5O4 and Li1-xMn1.42Ni0.42Co0.16O4 that 
were obtained by chemically extracting lithium with NO2BF4. While the three cubic 
phases formed with the Li1-xMn1.5Ni0.5O4 system have a larger difference in the lattice 
parameter values, the difference is much smaller in the case of Li1-xMn1.42Ni0.42Co0.16O4. 
A superlattice structure with an ordered arrangement of manganese and nickel ions (space 
group: P4332) as suggested by recent TEM and neutron diffraction studies has been 
proposed to be the reason for the formation of three cubic phases in the system Li1-
xMn1.5Ni0.5O4.57,62-64 For each system, we measured the lattice parameter difference ∆a1 
between the first and second cubic phases, and the lattice parameter difference ∆a2 
between the second and third cubic phases, as shown in Figure 3.27. 
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Figure 3.27: Variations of the lattice parameters with lithium content (1-x) in Li1-
xMn1.5Ni0.5O4 and Li1-xMn1.42Ni0.42Co0.16O4: first cubic phase (■); second 
cubic phase (○); and third cubic phase (▲). 
Figure 3.28 relates the % capacity fade of several LiMn1.5-yNi0.5-zMy+zO4 samples 
investigated in this study to the lattice parameter difference ∆a1, ∆a2, and the total lattice 
parameter difference ∆a1 + ∆a2. The % capacity fade decreases with decreasing lattice 
parameter difference (∆a1 or ∆a2) between the cubic phases formed during the charge-
discharge process similar to that found before by our group with the 4 V spinel 
system,51,52 and LiMn1.5Ni0.5O4 with the largest ∆a1 and ∆a2 shows the highest % capacity 
fade.  
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Figure 3.28: Correlation of the % capacity loss to the lattice parameter difference 
between the cubic phases formed during the charge-discharge process of the 
5 V LiMn1.5-yNi0.5-zMy+zO4 (M = Li, Mg, Fe, Co, and Zn) cathodes 
investigated in this study. ∆a1 is the maximum lattice parameter differences 
between the first and second cubic phases and ∆a2 is that between the 
second and third cubic phases formed during the charge-discharge process. 
(1) Li1-xMn1.42Ni0.42Co0.16O4, (2) Li1-xMn1.5Ni0.42Zn0.08O4, (3) Li1-
xMn1.42Ni0.42Fe0.16O4, (4) Li1-xLi0.026Mn1.474Ni0.42Co0.08O4, (5) Li1-
xMn1.5Ni0.42Mg0.08O4, (6) Li1-xLi0.026Mn1.474Ni0.42Fe0.08O4, (7) Li1-
xMn1.58Ni0.42O4, (8) Li1-xLi0.053Mn1.527Ni0.42O4, and (9) Li1-xMn1.5Ni0.5O4. 
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Interestingly, the lattice parameter difference between the fully discharged (before 
delithiation) and the fully charged (after the maximum possible delithiation) samples is 
approximately the same for each system investigated here. In other words, the overall 
volume change between the fully discharged and fully charged states remains 
approximately the same for each material, but the instantaneous volume change due to 
the lattice parameter difference between the different cubic phases formed during the 
charge-discharge process differs for each material. Therefore, the stress experienced 
during the instantaneous lattice parameter changes (∆a1 and ∆a2) appears to play a more 
important role in the capacity fade of these spinel oxides. A large instantaneous volume 
change (e.g., 3.3% in LiMn1.5Ni0.5O4) on going from one cubic phase to another cubic 
phase can lead to a breaking and loss of interparticle contact during charge-discharge 
cycling analogous to that occurring during Jahn-Teller distortion, resulting in poor Li+ 
diffusion, electrical conductivity, and capacity retention. The instantaneous volume 
changes can also lead to the formation of new surfaces, enhancing the electrode-
electrolyte reactivity. The 5 V and 4 V spinel oxide systems thus appear to exhibit a 
common dependence of the electrochemical performance on the lattice parameter 
differences among the cubic phases formed during the charge-discharge process. 
3.3.4 Manganese ion dissolution from 5 V spinel cathodes 
The manganese dissolution was evaluated for various cation substituted 5 V 
LiMn1.5-yNi0.5-zMy+zO4 cathodes as per the procedure described in the experimental 
section. For comparison, the manganese dissolution of the 4 V spinel LiMn2O4 is 
presented in Table 3.1 along with the 5 V LiMn1.5-yNi0.5-zMy+zO4 cathodes.112 The degree 
of manganese dissolution is expressed as a % of the initial Mn content for all the samples 
investigated. The error in the % Mn dissolution values is ±0.1 %. The 4 V LiMn2O4 
spinel in which manganese exists as Mn3.5+ shows a high manganese dissolution of 5.3 %. 
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Interestingly, all the 5 V LiMn1.5-yNi0.5-zMy+zO4 spinel cathodes in which manganese 
exists as Mn4+ exhibit a much lower Mn ion dissolution of < 1.0 % compared to 
LiMn2O4. The data reveals that the presence of Mn3+ leads to a significantly larger 
amount of manganese dissolution compared to Mn4+ due to the disproportionation of 
Mn3+ to Mn2+ and Mn4+.46 In addition, we are not able to find a clear correlation between 
the amount of Mn dissolution from the 5 V LiMn1.5-yNi0.5-zMy+zO4 spinel cathodes and its 
electrochemical performance. For example, the unsubstituted LiMn1.5Ni0.5O4 exhibiting 
the highest capacity loss shows the same amount of manganese dissolution (0.7 %) as the 
cation substituted LiMn1.42Ni0.42Co0.16O4 sample that exhibits a much better capacity 
retention. 
Table 3.1: Manganese dissolution in spinel oxide cathodes. 
































The cation-substituted LiMn1.5-yNi0.5-zMy+zO4 (M = Li, Mg, Fe, Co, and Zn) spinel 
oxides exhibit better cyclability and rate capability in the 5 V region compared to the 
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unsubstituted LiMn1.5Ni0.5O4 cathodes although the degree of manganese dissolution does 
not vary significantly. The better electrochemical properties of LiMn1.5-yNi0.5-zMy+zO4 are 
found to be due to a smaller lattice parameter difference among the three cubic phases 
formed during the charge-discharge process. The smaller or negligible instantaneous 
volume change is believed to suppress the stress involved and impart superior 
electrochemical properties. The excellent performance with moderate reversible 
capacities of around 120 mAh/g along with the low cost, low toxicity, and ease of 
synthesis may make the 5 V LiMn1.5-yNi0.5-zMy+zO4 cathodes attractive for electric and 




Proton Insertion and Oxygen Loss in the Spinel Oxide Systems 
4.1 INTRODUCTION 
Commercial lithium ion cells mostly employ the layered LiCoO2 as the cathode 
material. However, only 50% of its theoretical capacity, corresponding to a reversible 
extraction of 0.5 Li per Co is utilized in practical cells. In comparison, the nickel and 
manganese rich compositions such as LiMn1/2Ni1/2O2, LiMn1/3Co1/3Ni1/3O2, and 
LiNi0.85Co0.15O2 exhibit a reversible extraction of 0.6 to 0.7 Li per transition metal ion113-
119 although they all have the same O3 type layered structure like LiCoO2. To understand 
the factors controlling the reversible capacities, our group has been focusing on the 
chemical and structural characterization of bulk delithiated samples obtained by 
chemically extracting lithium from various oxide cathodes with the oxidizer NO2BF4 in 
acetonitrile medium.23,24,29,120-123 
An analysis of the average oxidation state of the transition metal ions in some of 
the chemically delithiated layered oxide phases by a redox titration has shown that the 
oxidation state deviates from the theoretically expected value (solid line) and remains 
constant at deep lithium extraction although Li+ ions are continuously being extracted 
(Figure 4.1). However, the lithium content at which the oxidation state begins to remain 
constant depends on the layered oxide system. The charge compensation during lithium 
extraction, while the oxidation state deviates from the theoretically expected value, could 
be accommodated by either a loss of oxygen from the lattice or an exchange of lithium 
ions by protons from the reaction medium. Either situation (ion exchange by protons or 
oxygen loss) may reflect the onset of chemical instability in the system. Thus the 
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chemical delithiation experiments may serve as a tool to assess the relative chemical 
stability of the oxide cathodes with various transition metal ions. The deviation of the 
oxidation state from the theoretical value at a higher lithium content (1-x) < 0.5 in Li1-
xCoO2 compared to that in the nickel and manganese rich systems ((1-x) < 0.4) in Figure 
4.1 may imply a greater chemical instability and consequently a lower reversible capacity 
for the LiCoO2 system. 
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Figure 4.1: Comparisons of the variations of the average oxidation state of the transition 
metal ions with lithium content (1-x) in Li1-xNi1-y-zMnyCozO2.24,29,122,123 The 
solid line refers to the theoretically expected oxidation state. 
Previously, the constancy of the oxidation state of the transition metal ions at 
lower lithium contents was attributed to a loss of oxygen from the lattice, assuming no 
proton insertion (ion exchange of Li+ by H+) occuring during the chemical delithiation 
process considering the non-aqueous (acetonitrile) reaction medium.23,24,29,120-123 
However, there is a possibility of an ion exchange of Li+ by H+ ions that could be 
produced from acetonitrile in the presence of a powerful oxidizer like NO2BF4.124 In this 
regard, ion-exchange of Li+ by H+ as well as loss of oxygen from the lattice have been 
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reported by Robertson and Bruce125,126 during the electrochemical charging of Li2MnO3 
and LixMn1-yLiyO2 beyond Mn4+. Recently, a quantitative determination of proton 
contents in various chemically delithiated oxide cathodes has been carried out with 
Prompt Gamma Ray Activation Analysis (PGAA), and the results are complemented by 
mass spectrometric and thermogravimetric analysis data.127 While the delithiated layered 
Li1-xCoO2, Li1-xNi1/3Mn1/3Co1/3O2, and Li1-x Ni1/2Mn1/2O2 oxides were shown to contain a 
significant amount of proton in the lattice at deep lithium extraction, orthorhombic Li1-
xMnO2, spinel Li1-xMn2O4, and olivine Li1-xFePO4 were shown to be devoid of such 
proton insertion. In addition, using the charge neutrality principle, these oxides were 
shown not to loss any oxygen at deep lithium extraction. 
In this chapter, the proton contents in the chemically delithiated Li1-
xMn1.58Ni0.42O4 and Li1-xCo2O4 oxides are quantitatively determined using PGAA, in 
addition to the redox titrations and AAS analysis to find any oxygen loss from the system 
at deep lithium extraction. The results are further complemented by thermogravimetric 
analysis (TGA). 
4.2 EXPERIMENTAL 
The LiMn1.58Ni0.42O4 spinel oxide was synthesized by a hydroxide precursor 
method as described in chapter 3. Low temperature LiCoO2 that has a lithiated spinel 
structure Li2Co2O4 was synthesized by firing a stoichiometric amount of Li2CO3 and 
Co3O4 at 400 oC in air for 1 week.128-131 Chemical extraction of lithium from the oxide 
cathodes was carried out by stirring the oxide powders with an acetonitrile solution of 
NO2BF4 (oxide to NO2BF4 molar ratio was 1:2), as described in chapter 2. The lithium 
contents were determined by atomic absorption spectroscopy (AAS) and the oxidation 
state of the transition metal ions was determined by treating with a known excess of 
sodium oxalate and titrating the unreacted sodium oxalate with potassium permanganate. 
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TGA data was collected with a Perkin-Elmer Series 7 Thermogravimetric Analyzer with 
a heating rate of 3 oC/min in flowing air. Direct quantitative measurements of hydrogen 
contents in the chemically delithiated samples were carried out with Prompt Gamma-Ray 
Activation Analysis (PGAA). 
4.3 RESULTS AND DISCUSSION 
4.3.1 Proton insertion and oxygen loss in the Li1-xMn1.58Ni0.42O4 and Li1-xCo2O4 
systems 
Table 4.1 summarizes the hydrogen content, the lithium content, and the average 
oxidation states of the transition metal ions present in the delithiated Li1-xMn1.58Ni0.42O4 
and Li1-xCo2O4 oxides as measured by, respectively, PGAA, AAS, and redox titration. 
Using the charge neutrality principle, the oxygen content present in the delithiated sample 
is calculated. 
Table 4.1: Chemical analysis and PGAA data of the chemically delithiated (with 

































a Low temperature LiCoO2 that has a lithiated spinel (Li2Co2O4) structure128-131 
Similar to the 4 V spinel Li1-xMn2O4, the 5 V spinel Li1-xMn1.58Ni0.42O4 does not 
encounter any proton insertion or oxygen loss from the lattice at deep lithium extraction. 
Interestingly, the spinel Li1-xCo2O4 shows both proton insertion and oxygen loss at deep 
lithium extraction. While the expected amount of proton based on the lithium content and 
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oxidation state analysis assuming no oxygen loss occurring from the lattice is 0.64, the 
PGAA data indicate a much lower proton content of 0.18. This suggests that the charge 
compensation in the spinel Li1-xCo2O4 at deep lithium extraction may occur both by 
proton insertion into (an ion exchange of Li+ by H+) and oxygen loss from the lattice as 
shown in Table 4.1. 
4.3.2 TGA analysis of the Li1-xCo2O4 system 
The composition of the chemically delithiated Li1-xCo2O4 can also be determined 
by thermogravimetric analysis (TGA). The delithiated Li1-xCo2O4 sample was heated to 
600 oC in a thermogravimetric analyzer with a heating rate of 3 oC/min in flowing air as 
shown in Figure 4.2.  
























Figure 4.2: TGA plot of chemically delithiated Li1-xCo2O4 oxide. 
The observed weight loss of 6.5 % is smaller than the value (8.3 %) expected for 
the formula H0.64Li0.60Co2O4 (assuming only proton insertion), but higher than the value 
(5.4 %) expected for the formula Li0.60CoO3.68 (assuming only oxygen loss), with the final 
product after the TGA experiment to be (0.6)LiCoO2 and (1.4/3)Co3O4 as indicated by 
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the XRD data. Based on the observed weight loss and charge neutrality principle, the 
composition was determined to be H0.24Li0.60Co2O3.80, which is in close agreement with 
the composition H0.18Li0.60Co2O3.77 reported in Table 4.1 using PGAA. Thus, the 
chemical instability associated with the Co3+/4+ couple is largely relieved by a loss of 
oxygen from the lattice in the case of spinel Li1-xCo2O4 possibly due to the difficulty of 
incorporating protons into the spinel lattice in contrast to the layered Li1-xCoO2 lattice.   
4.4 CONCLUSIONS 
The possibility of proton incorporation into and oxygen loss from the lattice 
during the chemical delithiation process has been investigated with Li1-xMn1.58Ni0.42O4 
and Li1-xCo2O4  spinel oxide cathodes. The spinel Li1-xMn1.58Ni0.42O4 does not encounter 
any proton insertion or oxygen loss from the lattice at deep lithium extraction. However, 
the spinel Li1-xCo2O4 shows both proton insertion and oxygen loss at deep lithium 
extraction. The differences could be related to the differences in the relative positions of 
the transition metal ion Mn+/(n+1)+:3d band with respect to the top of the O2-:2p band and 
the consequent chemical instability arising from an introduction of significant amount of 
holes into the O2-:2p band at deep lithium extraction. For example, a significant overlap 
of the Co3+/4+:3d band with the top of the O2-:2p band results in an ion exchange of Li+ by 
H+ and an oxygen loss from the lattice at deep lithium extraction in Li1-xCo2O4 to relieve 
the chemical instability while the lying of the Mn3+/4+:3d and Ni2+/4+:3d bands well above 




Chemical and Electrochemical Characterization of Complex Layered 
Cathodes in the Li[Li1/3Mn2/3]O2 - LiCoO2 - LiNiO2 Solid Solution 
5.1 INTRODUCTION 
As mentioned in chapter 1, lithium ion batteries are becoming increasingly 
popular for portable electronic devices such as cellular phones and laptops due to their 
higher volumetric and gravimetric energy densities. Most commercial lithium ion cells 
are presently made with the layered LiCoO2 cathode, but only 50% of its theoretical 
capacity can be utilized in practical cells (140 mAh/g) due to the chemical and structural 
instabilities at deep charge with (1-x) < 0.5 in Li1-xCoO2.24 Also, Co is relatively toxic 
and expensive. These drawbacks have prompted interest in alternative cathodes materials. 
Recently, solid solutions between layered LiMO2 (M = Mn0.5Ni0.5,116,132-135 Co,136,137 and 
Ni138,139) and layered Li2MnO3 are being intensively pursued as some of them exhibit 
high capacities of around 250 mAh/g at a lower cost compared to LiCoO2. Layered 
Li2MnO3 has the same O3 type structure as LiCoO2, but with one-third of the transition 
metal ion sites occupied by lithium ions in the transition metal layer as Li[Li1/3Mn2/3]O2. 
Although Li[Li1/3Mn2/3]O2 is electrochemically inactive as it is difficult to oxidize 
beyond Mn4+, its solid solutions with other LiMO2 oxides exhibit good electrochemical 
activity. 
The discharge capacities of the above mentioned solid solution cathodes are often 
much higher than the theoretical capacity values expected based on the initial oxidation 
states of Mn, Co, and Ni. Also, the first charge profile is accompanied by an irreversible 
voltage plateau around 4.5 V, which has been confirmed from both in-situ X-ray 
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diffraction140 and differential electrochemical mass spectrometry studies134 to be due to 
an irreversible loss of oxygen from the lattice for charging involving oxidation beyond 
the formal oxidation states of Mn4+, Ni4+, and Co4+. The oxygen loss leads to a lowering 
of the oxidation states of transition metal ions correspondingly at the end of first 
discharge, which facilitates a higher reversible capacity in subsequent cycles. However, 
the amount of oxygen loss from the lattice and the reversible capacity values differ 
significantly depending upon the composition of the Li[Li1/3Mn2/3]O2 - LiMO2 solid 
solutions. Moreover, the irreversible loss of oxygen from the lattice has been found 
recently to be sensitively suppressed by a substitution of small amount of Al3+ for Li+ or 
F- for O2-.141 
With an aim to understand the factors that control the degree of oxygen loss and 
the subsequent capacity values, we investigate a new series of cathodes (1-z) 
Li[Li1/3Mn2/3]O2 · (z) Li[Co1-yNiy]O2 (0 ≤ y ≤ 1 and 0.2 ≤ z ≤ 0.7) belonging to a solid 
solution between Li[Li1/3Mn2/3]O2 - LiCoO2 - LiNiO2 and a comparison of their 
electrochemical performances in lithium cells. To understand the variations in 
electrochemical properties with composition, we also focus on the chemical 
characterization of the samples obtained by chemically extracting lithium with an 
oxidizer NO2BF4 in acetonitrile medium on the solid solution samples synthesized at two 
different temperatures (900 and 750 oC). 
5.2 EXPERIMENTAL 
The samples were synthesized by a hydroxide precursor method, as described in 
chapter 2, and fired in air at 900 oC for 12 h followed by quenching into liquid nitrogen. 
In order to understand the influence of synthesis temperatures, a second set of samples 
were also synthesized by firing at 750 oC instead of 900 oC. Chemical extraction of 
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lithium was carried out by stirring the layered oxide powder with an acetonitrile solution 
of the oxidizer NO2BF4, as described before in chapter 2.24,127 
All the samples were characterized by X-ray diffraction (XRD) and the lattice 
parameters were calculated with a Rietveld analysis of the XRD data.107 The lithium 
contents in the parent and chemically delithiated samples were determined by atomic 
absorption spectroscopy (AAS). The average oxidation state of the transition metal ions 
in the parent and delithiated samples was determined by treating the samples with a 
known excess of sodium oxalate and titrating the unreacted sodium oxalate with 
potassium permanganate. Since there is a possibility of ion exchange of Li+ ions by H+ 
ions that could be produced by an oxidation of acetonitrile by the powerful oxidizer 
NO2BF4 during chemical delithiation, direct quantitative measurements of hydrogen 
contents in the chemically delithiated samples were carried out with prompt gamma-ray 
activation analysis (PGAA) by irradiating the samples for 2 h at a reactor power of 950 
kW.110,111 Electrochemical performances were evaluated with CR2032 coin cells at 12.5 
mA/g (~ C/20 rate) between 4.8 and 2.0 V. The cathodes for evaluating the 
electrochemical performances were prepared as described in chapter 2. 
5.3 RESULTS AND DISCUSSION 
5.3.1 (1-z) Li[Li1/3Mn2/3]O2 · (z) Li[Co1-yNiy]O2 (0 ≤ y ≤ 1 and  z = 0.5) series 
synthesized at 900 oC 
5.3.1.1 Crystal chemistry 
The compositions studied in the (1-z) Li[Li1/3Mn2/3]O2 · (z) Li[Co1-yNiy]O2 (0 ≤ y 
≤ 1 and  z = 0.5) solid solution series are indicated by closed circles in Figure 5.1. While 
the Li[Li1/3Mn2/3]O2 and LiCo1-yNiyO2 contents in the solid solution are kept at 1:1 (50 
mol % Li[Li1/3Mn2/3]O2 and 50 mol % LiCo1-yNiyO2), the Ni content y in LiCo1-yNiyO2 is 
varied from 0 to 1. Table 5.1 gives the nominal composition and the observed 
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compositions based on the experimentally determined lithium contents and the average 
oxidation state of the transition metal ions for the samples synthesized at 900 oC. The 
observed lithium content decreases with increasing Ni content y due to the difficulty of 
stabilizing Ni3+ and a consequent reduction of some Ni3+ to Ni2+ and volatilization of 
some lithium during synthesis at 900 oC. The calculated oxidation state values of nickel 
based on the experimentally observed compositions assuming Mn4+, Co3+, and Li+ are 
significantly lower (2.54+ to 2.62+) than the theoretically expected oxidation state of 3+ 
based on the nominal composition. 
 
Figure 5.1: Phase diagram of the Li[Li1/3Mn2/3]O2 - LiCoO2 - LiNiO2 system. The 
compositions studied in the (1-z) Li[Li1/3Mn2/3]O2 · (z) Li[Co1-yNiy]O2 (0 ≤ y 
≤ 1 and  z = 0.5) system are indicated by closed circles. 




y = 0 
z = 0.6
z = 0.7 
LiNiO2 LiCoO2 
z = 0.5
z = 0.8 
z = 0.9 
z = 0.1
z = 0
z = 1.0 
Li[Li1/3Mn2/3]O2
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Table 5.1: Observed chemical compositions and electrochemical data of (1-z) Li[Li1/3Mn2/3]O2 · (z) Li[Co1-yNiy]O2 (0 ≤ y ≤ 
1 and  z = 0.5) samples synthesized at 900 oC. 
y z Nominal composition Observed composition Mn+ 
































































































































































a Regions A and B correspond to, respectively, the initial sloping region A and the plateau region B as marked in Figure 5.4.  
b Calculated assuming the oxidation of Mn, Ni, and Co, respectively, to Mn4+, Ni4+, and Co3.6+.  
c The sample does not show a clearly recognizable plateau region. 
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Figure 5.2 compares the XRD patterns of the samples synthesized at 900 oC for 
various values of y in (1-z) Li[Li1/3Mn2/3]O2 · (z) Li[Co1-yNiy]O2 (0 ≤ y ≤ 1 and  z = 0.5). 
All the samples were found to be single phase, crystallizing in the layered α-NaFeO2 
structure (O3 type structure). However, the separation between the (018) and (110) 
reflections decrease gradually as the Ni content increases, suggesting an increase in the 
cation disorder between the lithium (3a sites) and transition metal (3b sites) planes. 
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Figure 5.2: XRD patterns of (1-z) Li[Li1/3Mn2/3]O2 · (z) Li[Co1-yNiy]O2 (0 ≤ y ≤ 1 and  z 
= 0.5) samples synthesized at 900 oC. 
 Figure 5.3 shows the variations in the lattice parameters, c/a ratio, and % cation 
disorder as determined by the Rietveld analysis for the (1-z) Li[Li1/3Mn2/3]O2 · (z) Li[Co1-
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yNiy]O2 (0 ≤ y ≤ 1 and  z = 0.5) solid solution series. The a and c parameters increase 
with Ni content while the c/a ratio decreases. The increase in lattice parameters can be 
attributed to the substitution of a larger Ni3+ (0.0560 nm) or Ni2+ (0.0690 nm) ions for 
Co3+ (0.0545 nm) ions.142 On the other hand, the decrease in c/a ratio with Ni content is 
due to the increasing cation disorder. The formation of Ni2+ ions with a substitution of Ni 
for Co and a small size and charge difference between Ni2+ (0.0690 nm) and Li+ (0.076 
nm) compared to those between Co3+ (0.0545 nm) or Mn4+ (0.053 nm) and Li+ lead to an 
increase in cation disorder.  








































Figure 5.3: Variations of the lattice parameters a and c, c/a ratio, and cation disorder 
(fraction of lithium sites occupied by transition metal ions in the lithium 
layer) with y in (1-z) Li[Li1/3Mn2/3]O2 · (z) Li[Co1-yNiy]O2 (0 ≤ y ≤ 1 and  z 
= 0.5) samples synthesized at 900 oC. 
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5.3.1.2 Electrochemical performance 
Figure 5.4 compares the first charge-discharge profiles (at 2.0 - 4.8 V and 12.5 
mA/g, which corresponds to approximately C/20 rate for y = 0 and C/15 rate for y = 1) of 
the (1-z) Li[Li1/3Mn2/3]O2 · (z) Li[Co1-yNiy]O2 (0 ≤ y ≤ 1 and  z = 0.5) samples 
synthesized at 900 oC. The samples exhibit two regions (A and B) during the first charge 
that are separated by a dashed vertical line in Figure 5.4. The y = 1 sample does not show 
any clear transition between the two regions and so it is not indicated in Figure 5.4. While 
the initial sloping region A below about 4.5 V corresponds to the oxidation of the 
transition metal ions to M4+, the plateau region B around 4.5 V corresponds to an 
oxidation of O2- ions and an irreversible loss of oxygen from the lattice as pointed out in 
the introduction section.132-140 Table 5.1 compares the first charge capacity values in the 
two regions A and B and the first discharge capacity for all the samples. The total first 
charge capacity (regions A + B) and the discharge capacity decrease with increasing Ni 
content. However, while the first charge capacity in the initial sloping region A increases 
that in the plateau region B decreases with increasing Ni content. The former is due to an 
increasing amount of Ni2+ and its oxidation to Ni4+ during first charge. Table 5.1 also 
gives the theoretical value of the first charge capacity in region A, calculated based on the 
oxidation of the transition metal ions to Mn4+, Ni4+, and Co3.6+. A close agreement 
between this theoretical value and the charge capacity in the sloping region A suggests 
that it may be difficult to oxidize Co beyond 3.6+ without oxidizing the oxide ions. This 
could be due to a significant overlap of the Co3+/4+:3d band with the top of the O2-:2p 
band and a consequent introduction of holes into the O2-:2p band for oxidations beyond 
Co3.6+, which is consistent with the limited practical capacity (50 %) of LiCoO2.121,127 
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Figure 5.4: Comparison of the first charge-discharge profiles (recorded at 12.5 mA/g 
between 2.0 - 4.8 V) of the (1-z) Li[Li1/3Mn2/3]O2 · (z) Li[Co1-yNiy]O2 (0 ≤ y 
≤ 1 and  z = 0.5) samples synthesized at 900 oC. The dashed vertical lines 
separate the initial sloping region A from the plateau region B. 
Figure 5.5 compares the cyclability of the samples (synthesized at 900 oC) for 
various y values at 12.5 mA/g between 2.0 - 4.8 V. The cyclability does not vary much 
with Ni content. However, the samples with an intermediate Ni content of around 0.5 
show slightly better cyclability than the y = 0 or y = 1 samples. This could be related to 
the chemical instabilities that could occur at deep charge (high charge voltages) with 
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higher Co contents and a significant cation disorder that occurs with higher Ni contents. 
Both chemical instability and cation disorder can cause capacity fade.  
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Figure 5.5: Comparison of the cyclability data (12.5 mA/g between 2.0 – 4.8 V) of the 
(1-z) Li[Li1/3Mn2/3]O2 · (z) Li[Co1-yNiy]O2 (0 ≤ y ≤ 1 and  z = 0.5) samples 
synthesized at 900 oC. 
5.3.1.3 Chemical stability of delithiated samples 
In order to understand the factors that control the reversible capacity values, we 
focused on the chemical characterizations of bulk samples obtained by chemically 
extracting lithium from layered (1-z) Li[Li1/3Mn2/3]O2 · (z) Li[Co1-yNiy]O2 (0 ≤ y ≤ 1 and  
z = 0.5) samples synthesized at 900 oC with the oxidizer NO2BF4 in acetonitrile medium. 
Table 5.2 gives the compositions of the delithiated samples that were calculated based on 
the experimentally determined lithium content, proton content, and oxidation state values, 
respectively, by atomic absorption spectroscopy, prompt gamma-ray activation analysis, 
and redox titration. The delithiated samples contain some residual lithium and inserted 
protons in the lithium plane. The proton content is due to an ion exchange of Li+ ions by 
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H+ ions that are generated by an oxidation of acetonitrile by the powerful oxidizer 
NO2BF4.127 
The compositions given in Table 5.2 indicate that the amount of oxygen lost 
during chemical delithiation decreases with increasing Ni content, which is consistent 
with a decreasing plateau region B in the first charge profiles given in Figure 5.4. The 
decrease in oxygen loss with increasing Ni content could be understood by considering 
the experimentally determined chemical compositions for the parent samples and a 
mechanism proposed by Armstrong et al134 recently for the system Li[Li0.2Mn0.6Ni0.2]O2, 
which is a solid solution between Li[Li1/3Mn2/3]O2 and Li[Mn0.5Ni0.5]O2. Based on 
neutron powder diffraction data, Armstrong et al134 suggested that the oxygen loss from 
the surface of the particle is accompanied by a migration of Li+ ions from 3b octahedral 
sites in the transition metal layer into the 3a octahedral sites in the lithium layer, 
generating cation vacancies in the transition metal layer, which are subsequently filled by 
a cooperative displacement and diffusion of transition metal ions from the surface to the 
bulk of the particle. Such a rearrangement will result in the formation of a layered 
structure in which the 3b octahedral sites in the transition metal layer are occupied 
exclusively by the transition metal ions. Based on this hypothesis, the oxygen evolution 
from the lattice will cease when all the Li+ ion vacancies in the transition metal layer (3b 
sites) are filled by the transition metal ions diffusing from the surface to the bulk. Thus, 
one would expect the limiting (or lowest) oxygen content value in the delithiated sample 
to be twice that of the transition metal ion content or the maximum amount of oxygen 
loss from the lattice to be twice the amount of lithium in the transition metal layer. 
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Table 5.2: Chemical analysis data of chemically delithiated (1-z) Li[Li1/3Mn2/3]O2 · (z) Li[Co1-yNiy]O2 (0 ≤ y ≤ 1 and  z = 
0.5) samples synthesized at 900 oC. 
y z Observed parent composition 













































































































a Determined based on the experimentally observed lithium and proton contents and oxidation state values. 
b Calculated based on the maximum amount of oxygen the sample could lose (see text). 
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Table 5.2 gives the limiting oxygen content values calculated based on the above 
mechanism as well as the observed chemical compositions after the cation rearrangement 
(obtained by normalizing the oxygen content to 2.0). The calculated limiting oxygen 
content values agree closely with the observed oxygen content values in the delithiated 
samples (see the formula before cation rearrangement) particularly in the case of samples 
with low Ni content. A slightly larger observed oxygen content values (or smaller amount 
of oxygen loss) in the case of samples with high Ni content could be due to the presence 
of a significant amount of Ni2+ ions in the lithium planes of the parent samples (before 
delithiation) due to a high degree of cation disorder as seen in Figure 5.3 and the 
consequent changes in the electronic environment and lithium and oxygen mobility.  
Interestingly, despite the same transition metal ion content in the nominal 
compositions of the (1-z) Li[Li1/3Mn2/3]O2 · (z) Li[Co1-yNiy]O2 (0 ≤ y ≤ 1 and  z = 0.5) 
samples, both the calculated and observed amounts of oxygen loss from the lattice in 
Table 5.2 decrease with increasing Ni content. This is due to a volatilization of lithium 
during the synthesis of the parent samples and a consequent increase in the transition 
metal ion to lithium ratio in the experimentally determined parent compositions as seen in 
Table 5.1. Additionally, the decrease in the amount of oxygen loss with increasing Ni 
content accounts for the decrease in the plateau region B (Figure 5.4) as well as the total 
first charge capacity and discharge capacity (Table 5.1). A decrease in the irreversible 
loss of oxygen during the first charge results in a lowering of the charge and discharge 
capacities. 
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5.3.2 (1-z) Li[Li1/3Mn2/3]O2 · (z) Li[Co1-yNiy]O2 (0 ≤ y ≤ 1 and  z = 0.5) series 
synthesized at 750 oC 
5.3.2.1 Crystal chemistry 
To investigate the effect of synthesis temperature, a second set of (1-z) 
Li[Li1/3Mn2/3]O2 · (z) Li[Co1-yNiy]O2 (0 ≤ y ≤ 1 and  z = 0.5) samples were also 
synthesized at 750 oC and characterized similar to the 900 oC samples. Figure 5.6 
compares the XRD patterns of the samples synthesized at 750 oC for various values of y 
in (1-z) Li[Li1/3Mn2/3]O2 · (z) Li[Co1-yNiy]O2 (0 ≤ y ≤ 1 and  z = 0.5).  
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Figure 5.6: XRD patterns of (1-z) Li[Li1/3Mn2/3]O2 · (z) Li[Co1-yNiy]O2 (0 ≤ y ≤ 1 and  z 
= 0.5) samples synthesized at 750 oC. 
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All the samples were found to be single phase with the layered O3 type structure. 
However, similar to the 900 oC samples, the 750 oC samples exhibit a gradual decrease in 
the separation between the (018) and (110) reflections as the Ni content increases, 
suggesting an increase in the cation disorder between the lithium (3a sites) and transition 
metal (3b sites) planes. The 750 oC samples exhibited trends in the a and c parameters 
and cation disorder similar to the 900 oC samples (Figure 5.7). However, the observed 
lithium contents in the 750 oC samples were slightly higher than that in the 900 oC 
samples (Table 5.3) due to a suppression of the volatilization of lithium during synthesis.  




































Figure 5.7: Variations of the lattice parameters a and c, c/a ratio, and cation disorder 
with y in (1-z) Li[Li1/3Mn2/3]O2 · (z) Li[Co1-yNiy]O2 (0 ≤ y ≤ 1 and  z = 0.5) 
samples synthesized at 750 oC.
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Table 5.3: Observed chemical compositions and electrochemical data of (1-z) Li[Li1/3Mn2/3]O2 · (z) Li[Co1-yNiy]O2 (0 ≤ y ≤ 
1 and  z = 0.5) samples synthesized at 750 oC. 
y z Nominal composition Observed composition Mn+ 

































































































































































a Regions A and B correspond to, respectively, the initial sloping region A and the plateau region B as marked in Figure 5.8.  
b Calculated assuming the oxidation of Mn, Ni, and Co, respectively, to Mn4+, Ni4+, and Co3.75+. 
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5.3.2.2 Electrochemical performance 
Figure 5.8 compares the first charge-discharge profiles of the 750 oC samples at 
12.5 mA/g and 2.0 - 4.8 V. Table 5.3 compares the first charge and discharge capacities 
of the 750 oC samples. In general, the first total charge capacity and the first discharge 
capacity decrease with increasing Ni content similar to that found with the 900 oC 
samples. Also, while the initial sloping region A in the first charge profile increases, the 
plateau region B decreases with Ni content as in the 900 oC samples. However, the 
decrease in the first total charge capacity with increasing Ni content is smaller than that 
observed with the 900 oC samples. Also, the decrease in the plateau region B with 
increasing Ni content is smaller compared to that in the 900 oC sample; for example, a 
clear plateau region B could be observed for y = 1 in the 750 oC sample compared to that 
in the 900 oC sample. A larger plateau region B at a given Ni content in the 750 oC 
sample compared to that in the 900 oC sample is due to a higher amount of lithium ions in 
the transition metal layer (compare observed compositions in Tables 5.1 and 5.3) and a 
consequent loss of a larger amount of oxygen from the lattice during the first charge. In 
other words, the 750 oC samples will have a lower limiting oxygen content value 
compared to that in Table 5.2 for the 900 oC sample.  
Table 5.3 also gives the theoretical value of the first charge capacity in region A, 
calculated based on the oxidation of the transition metal ions to Mn4+, Ni4+, and Co3.75+. 
A close agreement between this theoretical value and the charge capacity in the sloping 
region A suggests that it may be difficult to oxidize Co beyond 3.75+ without oxidizing 
the oxide ions in the 750 oC sample. This cutoff oxidation state value of 3.75+ for Co in 
the 750 oC sample is slightly higher than the value of 3.6+ in the 900 oC sample (Table 
5.1). This difference could be due to a narrowing of the Co3+/4+:3d band in the 750 oC 
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sample resulting from a lower crystallinity compared to that in the 900 oC sample and a 
consequent decrease in the overlap of the Co3+/4+:3d band with the top of the O2-:2p 
band.143 

































Figure 5.8: Comparison of the first charge-discharge profiles (recorded at 12.5 mA/g 
between 2.0 - 4.8 V) of the (1-z) Li[Li1/3Mn2/3]O2 · (z) Li[Co1-yNiy]O2 (0 ≤ y 
≤ 1 and  z = 0.5) samples synthesized at 750 oC. The dashed vertical lines 
separate the initial sloping region A from the plateau region B. 
Figure 5.9 compares the cyclability of the samples synthesized at 750 oC at 12.5 
mA/g between 2.0 - 4.8 V. The samples generally show cycling behaviors similar to the 
900 oC samples excepting Li[Li0.17Mn0.33Co0.5]O2, which exhibits a faster decline in 
capacity. Figure 5.10 compares the XRD patterns of the 750 oC cathodes after 20 cycles. 
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While the rest of the cathodes maintain good crystallinity, the Li[Li0.17Mn0.33Co0.5]O2 
cathode suffers from a significant line broadening and loss of crystallinity on cycling. 
LiCoO2 synthesized at low temperatures (400 oC) is known to adopt a lithiated spinel 
structure instead of the O3 layer structure and exhibit poor electrochemical 
properties.144,145 Thus, a possible structural disorder in the Co-rich sample (y = 0) 
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Figure 5.9: Comparison of the cyclability data (12.5 mA/g between 2.0 – 4.8 V) of the 
(1-z) Li[Li1/3Mn2/3]O2 · (z) Li[Co1-yNiy]O2 (0 ≤ y ≤ 1 and  z = 0.5) samples 
synthesized at 750 oC. 
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Figure 5.10: XRD patterns of (1-z) Li[Li1/3Mn2/3]O2 · (z) Li[Co1-yNiy]O2 (0 ≤ y ≤ 1 and  z 
= 0.5; synthesized at 750 oC) cathodes after 20 cycles. 
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5.3.3 (1-z) Li[Li1/3Mn2/3]O2 · (z) Li[Co1-yNiy]O2 (0 ≤ y ≤ 1 and  z = 0.7) series 
synthesized at 900 oC 
5.3.3.1 Crystal chemistry 
The compositions studied in the (1-z) Li[Li1/3Mn2/3]O2 · (z) Li[Co1-yNiy]O2 (0 ≤ y 
≤ 1 and  z = 0.7) solid solution series are indicated by closed circles in Figure 5.11. While 
the Li[Li1/3Mn2/3]O2 to LiCo1-yNiyO2 ratio in the solid solution is kept at 3:7 (30 mol % 
Li[Li1/3Mn2/3]O2 and 70 mol % LiCo1-yNiyO2), the Ni content y in LiCo1-yNiyO2 is varied 
from 0 to 1. 
 
Figure 5.11: Phase diagram of the Li[Li1/3Mn2/3]O2 - LiCoO2 - LiNiO2 system. The 
compositions studied in the (1-z) Li[Li1/3Mn2/3]O2 · (z) Li[Co1-yNiy]O2 (0 ≤ y 
≤ 1 and  z = 0.7) system are indicated by closed circles. 
LiNiO2 LiCoO2 
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z = 0.6
z = 0.7 
z = 0.5
z = 0.8 
z = 0.9 
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z = 0
z = 1.0 
Li[Li1/3Mn2/3]O2
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Table 5.4: Observed chemical compositions of the parent and chemically delithiated (1-z) Li[Li1/3Mn2/3]O2 · (z) Li[Co1-
yNiy]O2 (0 ≤ y ≤ 1 and  z = 0.7) samples synthesized at 900 oC. 









































































































a Determined based on the experimentally observed lithium and proton contents and oxidation state values. 
b Calculated based on the maximum amount of oxygen the sample could lose (see text). 
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Table 5.4 gives the nominal compositions and the observed compositions of the z 
= 0.7 samples synthesized at 900 oC. The data show a decrease in the observed lithium 
content with increasing Ni content y, similar to that discussed for the z = 0.5 solid 
solution series in section 5.3.1.1. 
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Figure 5.12: XRD patterns of (1-z) Li[Li1/3Mn2/3]O2 · (z) Li[Co1-yNiy]O2 (0 ≤ y ≤ 1 and  z 
= 0.7) samples synthesized at 900 oC. 
Figure 5.12 compares the XRD patterns of the samples synthesized at 900 oC for 
various values of y in (1-z) Li[Li1/3Mn2/3]O2 · (z) Li[Co1-yNiy]O2 (0 ≤ y ≤ 1 and  z = 0.7). 
Similar to the z = 0.5 series of samples, the z = 0.7 samples were found to be single 
 87
phase, crystallizing in the layered O3 type structure and the separation between the (018) 
and (110) reflections decrease gradually as the Ni content increases. 
The z = 0.7 series of samples exhibit trends in the a and c parameters and cation 
disorder (Figure 5.13) similar to the z = 0.5 series of samples synthesized at 900 oC 
(Figure 5.3). However, the extent of variations in the lattice parameters of the z = 0.7 
samples are found to be higher than that found in the z = 0.5 series of samples due to a 
relatively higher Ni content. 







































Figure 5.13: Variations of the lattice parameters a and c, c/a ratio, and cation disorder 
(fraction of lithium sites occupied by transition metal ions in the lithium 
layer) with y in (1-z) Li[Li1/3Mn2/3]O2 · (z) Li[Co1-yNiy]O2 (0 ≤ y ≤ 1 and  z 
= 0.7) samples synthesized at 900 oC. 
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5.3.3.2 Chemical stability of delithiated samples 
With an aim to understand the factors that influence the irreversible oxygen loss 
from the solid solution samples, we performed chemical characterizations on bulk 
samples obtained by chemically extracting lithium from layered (1-z) Li[Li1/3Mn2/3]O2 · 
(z) Li[Co1-yNiy]O2 (0 ≤ y ≤ 1 and  z = 0.7) samples synthesized at 900 oC with the 
oxidizer NO2BF4 in acetonitrile medium. Table 5.4 gives the compositions of the 
delithiated samples containing some residual lithium and inserted protons in the lithium 
plane. As with the z = 0.5 series of samples discussed in section 5.3.1.3, the decrease in 
the amount of oxygen lost during chemical delithiation with increasing Ni content for the 
z = 0.7 series could be explained by considering the experimentally determined chemical 
compositions for the parent samples and using the mechanism proposed by Armstrong et 
al.134 The calculated limiting oxygen content values based on the above mechanism agree 
closely with the observed oxygen content values in the delithiated samples and they both 
decrease with increasing Ni content  and thus the results obtained with the z = 0.7 solid 
solution series complement the oxygen loss behavior of the z = 0.5 solid solution series. 
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5.3.4 (1-z) Li[Li1/3Mn2/3]O2 · (z) Li[Co1-yNiy]O2 (y = 0.5 and  0.2 ≤ z ≤ 0.7) series 
synthesized at 900 oC 
5.3.4.1 Crystal chemistry 
The compositions studied in the (1-z) Li[Li1/3Mn2/3]O2 · (z) Li[Co1-yNiy]O2 (y = 
0.5 and 0.2 ≤ z ≤ 0.7) solid solution series are indicated by closed circles in Figure 5.14. 
While the Ni to Co ratio is kept at 1:1, the proportion of LiCo0.5Ni0.5O2 to 
Li[Li1/3Mn2/3]O2 (z value) is varied in this series. 
 
Figure 5.14: Phase diagram of the Li[Li1/3Mn2/3]O2 - LiCoO2 - LiNiO2 system. The 
compositions studied in the (1-z) Li[Li1/3Mn2/3]O2 · (z) Li[Co1-yNiy]O2 (y = 
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z = 0.1
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X-ray diffraction data (Figure 5.15) indicated all the samples to be single phase 
materials belonging to the α-NaFeO2 layered structure (O3 structure). However, in 
addition to the reflections corresponding to the O3 layered structure, weak superstructure 
reflections were observed around 2θ = 20 - 25o for samples with high Li[Li1/3Mn2/3]O2 
content, which are known to correspond to the ordering of the Li+, Ni2+, and Mn4+ ions in 
the transition metal layer of the layered lattice.146,147 The superstructure reflections vanish 
for z > 0.5 as seen in the expanded region on the right in Figure 5.15. 

















































Figure 5.15: XRD patterns of the (1-z) Li[Li1/3Mn2/3]O2 · (z) Li[Co1-yNiy]O2 (y = 0.5 and 
0.2 ≤ z ≤ 0.7) samples synthesized at 900 oC. The expanded region on the 
right shows the superstructure reflections arising from an ordering among 
Li+, Mn4+, and Ni2+. 
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 Figure 5.16 shows the variations of the unit cell parameters of the y = 0.5 series 
of samples with z in (1-z) Li[Li1/3Mn2/3]O2 · (z) Li[Co1-yNiy]O2. The a parameter and the 
unit cell volume increase with the z value while the c parameter and the c/a ratio 
decrease, illustrating the formation of solid solutions. 





























Figure 5.16: Variations of the unit cell parameters with z in the (1-z) Li[Li1/3Mn2/3]O2 · 
(z) Li[Co1-yNiy]O2 (y = 0.5 and 0.2 ≤ z ≤ 0.7) samples synthesized at 900 oC. 
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Table 5.5: Observed chemical compositions and electrochemical data of (1-z) Li[Li1/3Mn2/3]O2 · (z) Li[Co1-yNiy]O2 (y = 0.5 
and 0.2 ≤ z ≤ 0.7) samples synthesized at 900 oC. 
y z Nominal composition Observed composition Mn+ 





























































































































































































a Regions A and B correspond to, respectively, the initial sloping region A and the plateau region B as marked in Figure 5.17.  
b Calculated assuming the oxidation of Mn, Ni, and Co, respectively, to Mn4+, Ni4+, and Co3.6+. 
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Chemical analysis indicated the lithium content in the synthesized samples to be 
lower than that in the nominal compositions for the y = 0.5 series of samples. The 
oxidation state analysis by the redox titration indicated the nickel oxidation state to be 
lower (2.52+ to 2.70+) than the expected value of 3+ assuming Li+, Mn4+ and Co3+. Thus, 
the lower lithium content in the samples is due to a reduction of Ni3+ to Ni2+ and the 
consequent volatilization of lithium during synthesis at elevated temperatures (900 oC). 
The observed compositions based on the experimentally determined lithium content and 
the average oxidation state of the transition metal ions are given in Table 5.5. For 
example, while the nominal composition for the y = 0.5 and z = 0.7 sample is 
Li[Li0.1Mn0.2Co0.35Ni0.35]O2, the observed composition is Li[Li0.05Mn0.21Ni0.37Co0.37]O2 
with a loss of small amount of lithium while maintaining the ratio among the transition 
metal ions as in the nominal composition. 
5.3.4.2 Electrochemical performance 
Figure 5.17 compares the first charge-discharge profiles of the (1-z) 
Li[Li1/3Mn2/3]O2 · (z) Li[Co1-yNiy]O2 (y = 0.5 and 0.2 ≤ z ≤ 0.7) solid solution samples 
synthesized at 900 oC. The dashed vertical lines separate the initial sloping region A from 
the plateau region B in Figure 5.17. Table 5.5 compares the first charge capacity values in 
the two regions A and B and the first discharge capacity for all the samples. The initial 
sloping region A increases with increasing z in Table 5.5 (or decreasing lithium content 
in the transition metal layer) due to an increase in Ni2+/3+ and Co3+ contents (or a decrease 
in the average oxidation state of transition metal ions) and their oxidation during first 
charge, while the plateau region B decreases with increasing z in Table 5.5 (or decreasing 
lithium content in the transition metal layer) excepting for the z = 0.2 sample. A good 
agreement between the observed and calculated charge capacities in the sloping region A 
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confirms the oxygen evolution from the lattice for oxidations beyond approximately 
Co3.6+ for the samples synthesized at 900 oC. 















































Figure 5.17: Comparison of the first charge-discharge profiles (recorded at 12.5 mA/g 
between 2.0 – 4.8 V) of the (1-z) Li[Li1/3Mn2/3]O2 · (z) Li[Co1-yNiy]O2 (y = 
0.5 and 0.2 ≤ z ≤ 0.7) samples synthesized at 900 oC. The dashed vertical 
lines separate the initial sloping region A from the plateau region B. 
Figure 5.18 compares the cyclability of the samples synthesized at 900 oC for 
various z values at 12.5 mA/g between 2.0 - 4.8 V. The samples with an intermediate z 
value of around 0.4 shows better cyclability. The samples with higher Co contents (z = 
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0.6, 0.7) show poor cyclability due to the chemical instabilities that could occur at deep 
charge (high charge voltages),24 while the sample with z = 0.2 shows lower discharge 
capacity values due to the presence of a significant amount of electrochemically inactive 
Mn4+ ions. 
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Figure 5.18: Comparison of the cyclability data (12.5 mA/g between 2.0 – 4.8 V) of the 
(1-z) Li[Li1/3Mn2/3]O2 · (z) Li[Co1-yNiy]O2 (y = 0.5 and 0.2 ≤ z ≤ 0.7) 
samples synthesized at 900 oC. 
5.3.4.3 Chemical stability of delithiated samples 
To gain an understanding of the factors that control the reversible capacity values, 
we performed chemical characterizations on bulk samples obtained by chemically 
extracting lithium from layered (1-z) Li[Li1/3Mn2/3]O2 · (z) Li[Co1-yNiy]O2 (y = 0.5 and 
0.2 ≤ z ≤ 0.7) samples synthesized at 900 oC with the oxidizer NO2BF4 in acetonitrile 
medium. Table 5.6 gives the compositions of the delithiated samples containing some 
residual lithium and inserted protons in the lithium plane. The amount of residual lithium 
was found to increase, while the inserted proton content decreases with decreasing z 
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value. The increase in the residual lithium with decreasing z values is due to an 
increasing amount of electrochemically inactive Mn4+ ions in the parent sample that 
decrease the electronic and ionic conductivity of the sample. Consequently, the presence 
of residual lithium in the lithium plane hinders the insertion of proton into the layered 
compounds. 
Table 5.6 gives the limiting oxygen content values calculated based on the 
mechanism proposed by Armstrong et al,134 as well as the observed chemical 
compositions after the cation rearrangement (obtained by normalizing the oxygen content 
to 2.0). The calculated limiting oxygen content values agree closely with the observed 
oxygen content values in the delithiated samples for z ≥ 0.5 (see the formula before 
cation rearrangement). For samples with z < 0.5, the observed oxygen content values in 
the delithiated samples were found to be higher than the calculated limiting oxygen 
content values and the difference increases with decreasing z value. A larger observed 
oxygen content values (or smaller amount of oxygen loss) in the case of samples with 
low z value could be due to the presence of a significant amount of electrochemically 
inactive Mn4+ ions in the parent samples (before delithiation) and the consequent 
decrease in the oxygen mobility to leave the lattice. Thus, a smaller plateau region B and 
a lower total charge and discharge capacities than that expected for the samples with low 
z values (Table 5.5) are due to an increasing amount of electrochemically inactive Mn4+ 
ion in the lattice. An interplay between the relative changes in the regions A and B makes 
the variations in the discharge capacity with z less significant.  
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Table 5.6: Chemical analysis data of chemically delithiated (1-z) Li[Li1/3Mn2/3]O2 · (z) Li[Co1-yNiy]O2 (y = 0.5 and 0.2 ≤ z ≤ 
0.7) samples synthesized at 900 oC. 
y z Observed parent composition 



























































































































a Determined based on the experimentally observed lithium and proton contents and oxidation state values. 
b Calculated based on the maximum amount of oxygen the sample could lose (see text). 
 98
5.3.5 (1-z) Li[Li1/3Mn2/3]O2 · (z) Li[Co1-yNiy]O2 (y = 0.5 and  0.2 ≤ z ≤ 0.7) series 
synthesized at 750 oC 
5.3.5.1 Crystal chemistry 
To investigate the effect of synthesis temperature, a second set of (1-z) 
Li[Li1/3Mn2/3]O2 · (z) Li[Co1-yNiy]O2 (y = 0.5 and 0.2 ≤ z ≤ 0.7) samples were also 
synthesized at 750 oC and characterized similar to the 900 oC samples.  













































Figure 5.19: XRD patterns of the (1-z) Li[Li1/3Mn2/3]O2 · (z) Li[Co1-yNiy]O2 (y = 0.5 and 
0.2 ≤ z ≤ 0.7) samples synthesized at 750 oC. The expanded region on the 
right shows the superstructure reflections arising from an ordering among 
Li+, Mn4+, and Ni2+. 
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Figure 5.19 compares the XRD patterns of the samples synthesized at 750 oC for 
various values of z in (1-z) Li[Li1/3Mn2/3]O2 · (z) Li[Co1-yNiy]O2 (y = 0.5 and 0.2 ≤ z ≤ 
0.7). All the samples were found to be single phase with the layered O3 type structure. 
However, similar to the 900 oC samples, weak superstructure reflections were observed 
around 2θ = 20 - 25o for samples with high Li[Li1/3Mn2/3]O2 content, which are known to 
correspond to the ordering of the Li+, Ni2+, and Mn4+ ions in the transition metal layer of 
the layered lattice.146,147 The superstructure reflections vanish for z > 0.4 as seen in the 
expanded region on the right in Figure 5.19. 































Figure 5.20: Variations of the unit cell parameters with z in the (1-z) Li[Li1/3Mn2/3]O2 · 
(z) Li[Co1-yNiy]O2 (y = 0.5 and 0.2 ≤ z ≤ 0.7) samples synthesized at 750 oC. 
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Figure 5.20 shows the variations of the unit cell parameters of the y = 0.5 series of 
samples synthesized at 750 oC with z in (1-z) Li[Li1/3Mn2/3]O2 · (z) Li[Co1-yNiy]O2. The 
750 oC samples exhibited trends in the unit cell parameters similar to the 900 oC samples. 
The a parameter and the unit cell volume increase with the z value while the c parameter 
and the c/a ratio decrease, illustrating the formation of solid solutions.  
Chemical analysis indicated the lithium content in the synthesized samples to be 
lower than that in the nominal compositions for the y = 0.5 series of samples synthesized 
at 750 oC. The lower lithium content in the samples is due to a reduction of Ni3+ to Ni2+ 
and the consequent volatilization of lithium during synthesis at elevated temperatures, as 
explained for the 900 oC samples. However, the observed lithium contents in the 750 oC 
samples were slightly higher than that in the 900 oC samples due to a reduced 
volatilization of lithium during synthesis. The observed compositions based on the 
experimentally determined lithium content and the average oxidation state of the 
transition metal ions are given in Table 5.7. 
5.3.5.2 Electrochemical performance 
Figure 5.21 compares the first charge-discharge profiles of the 750 oC samples at 
12.5 mA/g and 2.0 - 4.8 V. Table 5.7 compares the first charge capacity values in regions 
A and B and the first discharge capacity for all the samples. Except at a high 
Li[Li1/3Mn2/3]O2 content or low z value (0.2), the first total charge capacity (regions A + 
B) and the discharge capacity decrease with increasing z value similar to that found with 
the 900 oC samples. Also, while the first charge capacity in the initial sloping region A 




Table 5.7: Observed chemical compositions and electrochemical data of (1-z) Li[Li1/3Mn2/3]O2 · (z) Li[Co1-yNiy]O2 (y = 0.5 
and 0.2 ≤ z ≤ 0.7) samples synthesized at 750 oC. 
y z Nominal composition Observed composition Mn+ 





























































































































































































a Regions A and B correspond to, respectively, the initial sloping region A and the plateau region B as marked in Figure 5.21.  
b Calculated assuming the oxidation of Mn, Ni, and Co, respectively, to Mn4+, Ni4+, and Co3.75+.  
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Figure 5.21: Comparison of the first charge-discharge profiles (recorded at 12.5 mA/g 
between 2.0 – 4.8 V) of the (1-z) Li[Li1/3Mn2/3]O2 · (z) Li[Co1-yNiy]O2 (y = 
0.5 and 0.2 ≤ z ≤ 0.7) samples synthesized at 750 oC. The dashed vertical 
lines separate the initial sloping region A from the plateau region B. 
However, the first charge capacities in region A of the 750 oC samples are in 
general smaller than that observed with the 900 oC samples. Also, the first charge 
capacities in the plateau region B and the total first charge and discharge capacities of the 
750 oC samples are higher compared to that in the 900 oC sample. This could be the result 
of the presence of higher amount of lithium ions in the transition metal layer and a 
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consequent loss of higher amount of oxygen from the lattice during the first charge of the 
750 oC samples compared to that in the 900 oC samples (compare observed compositions 
in Tables 5.5 and 5.7). A good agreement between the observed and calculated charge 
capacities in the sloping region A confirm the oxygen evolution from the lattice for 
oxidations beyond approximately Co3.75+ for the samples synthesized at 750 oC. 
Figure 5.22 compares the cyclability of the samples synthesized at 750 oC for 
various z values at 12.5 mA/g between 2.0 - 4.8 V. Similar to the 900 oC samples, the 750 
oC samples with an intermediate z value (0.4 and 0.5) shows better cyclability compared 
to the samples with high Co content (0.6 and 0.7) and high Mn content (0.2 and 0.3). 
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Figure 5.22: Comparison of the cyclability data (12.5 mA/g between 2.0 – 4.8 V) of the 
(1-z) Li[Li1/3Mn2/3]O2 · (z) Li[Co1-yNiy]O2 (y = 0.5 and 0.2 ≤ z ≤ 0.7) 
samples synthesized at 750 oC. 
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5.3.5.3 Chemical stability of delithiated samples 
To understand the factors that control the reversible capacity values, we 
performed chemical characterizations on bulk samples obtained by chemically extracting 
lithium from layered (1-z) Li[Li1/3Mn2/3]O2 · (z) Li[Co1-yNiy]O2 (y = 0.5 and 0.2 ≤ z ≤ 
0.7) samples synthesized at 750 oC with the oxidizer NO2BF4 in acetonitrile medium. 
Table 5.8 gives the compositions of the delithiated samples that were calculated based on 
the experimentally determined lithium content, proton content, and oxidation state values. 
The amount of proton inserted into the 750 oC samples were found to be higher than that 
in the 900 oC samples. This could probably be due to the smaller particle size of the 750 
oC samples (~0.2 μm) compared to the 900 oC samples (~1 μm) as seen in Figure 5.23 for 
the z = 0.2 sample. The smaller particle size provides a larger surface area for the ion 
exchange of Li+ ions by H+ ions, resulting in higher proton insertion in the 750 oC 
samples compared to the 900 oC samples. 
Table 5.8 gives the limiting oxygen content values calculated based on the 
mechanism proposed by Armstrong et al,134 as well as the observed chemical 
compositions obtained by normalizing the oxygen content to 2.0. The calculated limiting 
oxygen content values agree closely with the observed oxygen content values in the 
delithiated samples for z ≥ 0.4 (see the formula before cation rearrangement). For 
samples with z < 0.4, the observed oxygen content values in the delithiated samples were 
found to be higher than the calculated limiting oxygen content values and the difference 
increases with decreasing z value. A larger observed oxygen content values (or smaller 
amount of oxygen loss) in the case of samples with low z value could be due to the 
presence of a significant amount of electrochemically inactive Mn4+ ions in the parent 
samples and the consequent decrease in the oxygen mobility to leave the lattice, as seen 
before for the 900 oC samples. Thus, a smaller plateau region B and a lower total charge 
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and discharge capacities than that expected in the case of the z = 0.2 sample (Table 5.7) is 






Figure 5.23: SEM images of the (1-z) Li[Li1/3Mn2/3]O2 · (z) Li[Co1-yNiy]O2 (y = 0.5 and z 
= 0.2) sample synthesized at (a) 900 oC and (b) 750 oC. 
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Table 5.8: Chemical analysis data of chemically delithiated (1-z) Li[Li1/3Mn2/3]O2 · (z) Li[Co1-yNiy]O2 (y = 0.5 and 0.2 ≤ z ≤ 
0.7) samples synthesized at 750 oC. 
y z Observed parent composition 






























































































































a Determined based on the experimentally observed lithium and proton contents and oxidation state values. 
b Calculated based on the maximum amount of oxygen the sample could lose (see text). 
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5.3.6 Correlation between lithium content in the transition metal layer and oxygen 
loss in the Li[Li1/3Mn2/3]O2 – LiCoO2 – LiNiO2 solid solution cathodes 
With an aim to acquire a complete understanding of the factors that influences the 
irreversible oxygen loss, we performed chemical characterizations of additional bulk 
samples obtained by chemically extracting lithium from the solid solution samples in the 
(1-z) Li[Li1/3Mn2/3]O2 · (z) Li[Co1-yNiy]O2 (0 ≤ y ≤ 1and 0 ≤ z ≤ 1) system that were not 
investigated so far in the previous sections. Figure 5.24 indicates the compositions that 
were investigated in this section (open circles) in addition to the compositions that were 
investigated in the previous sections (closed circles). 
 
Figure 5.24: Phase diagram of the Li[Li1/3Mn2/3]O2 - LiCoO2 - LiNiO2 system. The 
compositions studied in this section are indicated by open circles, while the 
composition studied in the previous sections are indicated by closed circles.   
LiNiO2 LiCoO2 
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Table 5.9: Observed chemical compositions of the parent and chemically delithiated (1-z) Li[Li1/3Mn2/3]O2 · (z) Li[Co1-
yNiy]O2 (0 ≤ y ≤ 1 and  0 ≤ z ≤ 1) samples synthesized at 900 oC. 
y z Nominal composition Observed parent composition 














































































































































































































































































































































































































a Determined based on the experimentally observed lithium and proton contents and oxidation state values. 
b Calculated based on the maximum amount of oxygen the sample could lose (see text). 
c Samples synthesized at 750 oC.   
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Table 5.9 gives the nominal compositions and the observed compositions based 
on the experimentally determined lithium contents and the average oxidation state of the 
transition metal ions for the parent samples indicated by open circles in Figure 5.24. All 
the samples were found to be single phase, crystallizing in the layered O3 type structure. 
However, for the same z value, the observed lithium content decreases with increasing Ni 
content y due to the difficulty of stabilizing Ni3+ and a consequent reduction of some Ni3+ 
to Ni2+ and volatilization of some lithium during synthesis at 900 oC. For example, for z = 
1, the observed lithium content decreases from 1 to 0.85 as the y value increases from 0 
to 1. In addition, the observed composition Li0.85Ni0.15[Ni]O1.80 (y = 1, z = 1) shows 
oxygen deficiency to compensate for the reduction of Ni3+ to Ni2+ during synthesis at 900 
oC and maintain charge neutrality. 
Table 5.9 gives the observed chemical compositions of the delithiated samples 
that were calculated based on the experimentally determined lithium content, proton 
content, and oxidation state values as well as the limiting oxygen content values 
calculated based on the mechanism proposed by Armstrong et al.6 According to the 
mechanism, the composition Li[LiηM1-η]O2 (where M is a combination of transition metal 
ions) losses oxygen on electrochemically charging to high voltages (or on complete 
delithiation) and transforms to the composition [M1-η]O2-2η, where the transition metal 
layer is occupied exclusively by the transition metal ions. In essence, the mechanism 
predicted the limiting (or lowest) oxygen content value in the delithiated sample to be 
twice that of the transition metal ion content or the maximum amount of oxygen loss 
from the lattice to be twice the amount of lithium in the transition metal layer. To test the 
validity of the mechanism, we made a plot (Figure 5.25) of the amount of lithium in the 
transition metal layer of the parent sample versus the absorbed oxygen loss in the 
chemically delithiated (1-z) Li[Li1/3Mn2/3]O2 · (z) Li[Co1-yNiy]O2 (0 ≤ y ≤ 1and 0 ≤ z ≤ 1) 
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solid solution samples that were investigated so far in this work. The solid line in Figure 
5.25 corresponds to the theoretically expected oxygen loss based on the above described 
mechanism. 



























Figure 5.25: Correlation between lithium content in the transition metal layer and oxygen 
loss in the Li[Li1/3Mn2/3]O2 – LiCoO2 – LiNiO2 solid solution cathodes.     
(a) Li[Li0.08Mn0.37Ni0.55]O2, (b) Li[Li0.10Mn0.36Co0.13Ni0.41]O2,                     
(c) Li[Li0.21Mn0.48Co0.155Ni0.155]O2, (d) Li[Li0.23Mn0.47Co0.15Ni0.15]O2,         
(e) Li[Li0.2Mn0.49Ni0.31]O2, (f) Li[Li0.23Mn0.47Co0.3]O2,                                 
(g) Li[Li0.27Mn0.53Co0.1Ni0.1]O2, and (h) Li[Li0.33Mn0.67]O2. 
The observed oxygen loss from the chemically delithiated solid solution samples 
agree closely with the theoretically expected oxygen loss for η < 0.20. A slightly smaller 
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amount of oxygen loss for a few samples with η < 0.20 (data points a and b in Figure 
5.25) could be due to the presence of high Ni content and cation disorder and the 
consequent changes in the electronic environment and lithium and oxygen mobility. For η 
≥ 0.20, the observed oxygen loss values were found to be much lower than the expected 
values due to the presence of a high concentration of electrochemically inactive Mn4+ 
ions (z ≤ 0.3) in the parent samples (data points c to h in Figure 5.25)  and the consequent 
decrease in the lithium and oxygen mobility to leave the lattice. In fact, the composition 
Li[Li0.33Mn0.67]O2 (h in Figure 5.25), with all manganese at 4+ oxidation state, does not 
lose much lithium and oxygen on reacting with the NO2BF4 oxidizer (Table 5.9). In 
addition to a high manganese content, the composition Li[Li0.2Mn0.49Ni0.31]O2 (e in 
Figure 5.25) also has a high nickel content that results in a lower oxygen loss from the 
compound. 
5.4 CONCLUSIONS 
The irreversible oxygen loss during the first charge from the layered solid 
solutions between Li[Li1/3Mn2/3]O2, Li[Co]O2, and Li[Ni]O2 has been found to be 
determined by the amount of lithium in the transition metal layer before charge by 
investigating systematically five different series of samples in the (1-z) Li[Li1/3Mn2/3]O2 · 
(z) Li[Ni1-yCoy]O2 systems. The lithium content in the transition metal layer is, however, 
sensitively influenced by the tendency of Ni3+ to get reduced to Ni2+ and the consequent 
volatilization of lithium during synthesis. The amount of oxygen loss during first charge 
in turn influences the reversible capacity values in subsequent cycles. Furthermore, while 
Ni2+ could be fully oxidized to Ni4+, the oxygen loss begins to occur for oxidations 
beyond Co3.6+ due to a significant overlap of the Co3+/4+:3d band with the top of the O2-
:2p band. In addition, high Mn4+ content causes a decrease in oxygen mobility and loss. 
The study shows that the irreversible oxygen loss from the lattice and the reversible 
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capacity values in the subsequent cycles could be tuned by appropriate choice of 
transition metal ions and contents as well as the lithium content in the parent material via 
the synthesis temperatures employed. 
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CHAPTER 6 
   Structural Stability of Chemically Delithiated                  
Li[Li1/3Mn2/3]O2 – LiCoO2 – LiNiO2 Solid Solution Oxides 
6.1 INTRODUCTION 
Alkali metal oxides with the general formula AxMO2 (A = alkali metal and M = 
transition metal) normally crystallize in layered structures in which the A+ ions are 
sandwiched between the (MO2)n sheets formed by the edge shared MO6 octahedra. Based 
on the coordination environment of the A+ ions (octahedral, prismatic, or tetrahedral) and 
the number of (MO2)n sheets per unit cell, Delmas20 classified these layered AxMO2 
oxides into various types of structures such as O1, O3, P2, P3, T2, and T3 (O, P, and T 
refer to octahedral, prismatic, and tetrahedral). For example, Na0.7CoO2 has the P2 type 
structure in which Na+ ions occupy prismatic sites with two CoO2 sheets per unit cell.148 
Based on the above classification, the LiMO2 (M = Co and Ni) oxides, which 
were commonly used as cathode materials in lithium ion batteries, have the O3 type 
structure (space group: mR3 ) as shown in Figure 6.1a. In this structure, the lithium ions 
occupy the octahedral sites with three MO2 sheets per unit cell and an oxygen stacking 
sequence of ABCABC along the c axis. However, during the lithium extraction 
(charging) process, the MO2 sheets can slide relative to one another, yielding the P3 type 
structure (space group: R3m) or the O1 type structure (space group: 13mP ) that have an 
oxygen stacking sequence of, respectively, AABBCC and ABABAB along the c axis 
(Figures 6.1b and c). Such a gliding of sheets involves very low reaction energies without 
the breaking of any M-O bonds and, therefore, can occur at room temperature.149 
However, the O1 structure is thermodynamically preferred when all the lithium ions are 
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Figure 6.1: Crystal structures of (a) O3 type LiMO2, (b) P3 type MO2, and (c) O1 type 
MO2 viewed along the (100) plane. 
As discussed in chapter 4, our group has been focusing on the chemical and 
structural instabilities of the layered Li1-xMO2 (0 ≤ (1-x) ≤ 1 and M = 3d transition metal 
or their solid solutions) oxides that were obtained by chemically extracting lithium with 
NO2BF4 in acetonitrile medium with an aim to understand the factors that control the 
reversible capacities of these layered oxide cathodes in lithium ion batteries. 23,24,29,120-123 
The chemical and structural characterization data of the chemically delithiated samples 
reveal that the instability associated with the Li1-xCoO2 system leads to a sliding of the 
oxide ion layers and a transformation of the initial O3 structure to the P3 structure at low 
lithium contents, which limits its practical capacity to 140 mA h/g. In contrast, the Li1-
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xNi0.85Co0.15O2 system maintains the initial O3 layer structure to low lithium contents, 
which allows it to realize a much higher practical capacity (180 mAh/g).23,120 In general, 
the nickel-rich end members of the Li1-xCo1-yNiyO2 system maintains the initial O3 type 
structure, while the cobalt-rich end members transforms to a mixture of P3 and O1 phases 
on deep lithium extraction.24 The manganese-rich Li1-xNi0.5Mn0.5O2 system maintains the 
parent O3-type structure without the formation of any new phases for the entire lithium 
content 0 ≤ (1-x) ≤ 1. In contrast, the Li1-xNi0.75Mn0.25O2 system shows a new O3’ phase, 
with a smaller c parameter for (1 - x) < 0.29.122 
We present here a comparison of the structures of the fully delithiated samples 
obtained by chemically extracting all the lithium from the layered (1-z) Li[Li1/3Mn2/3]O2 · 
(z) Li[Co1-yNiy]O2 (0 ≤ y ≤ 1 and  0 ≤ z ≤ 1) solid solution samples with the oxidizer 
NO2BF4 in acetonitrile medium. The observed variations in the type of phases formed in 
the chemically delithiated solid solution samples are explained based on the degree of 
cation disorder, particle size of the parent sample, and proton content inserted into the 
delithiated samples. 
6.2 EXPERIMENTAL 
The samples were synthesized by a hydroxide precursor method and fired in air at 
900 oC or 750 oC for 12 h followed by quenching in liquid nitrogen. Chemical extraction 
of lithium was carried out by stirring the layered oxide powder with an acetonitrile 
solution of the oxidizer NO2BF4 as explained in chapter 2. 
All the samples were characterized by X-ray diffraction (XRD) and the lattice 
parameters were calculated with a Rietveld analysis of the XRD data. The lithium 
contents in the parent and chemically delithiated samples were determined by atomic 
absorption spectroscopy (AAS) and the proton contents in the delithiated samples were 
determined by prompt gamma-ray activation analysis (PGAA). 
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6.3 RESULTS AND DISCUSSION 
6.3.1 Structural stability of chemically delithiated (1-z) Li[Li1/3Mn2/3]O2 · (z) 
Li[Co1-yNiy]O2 (0 ≤ y ≤ 1 and  0 ≤ z ≤ 1) solid solution oxides 
The compositions studied in the (1-z) Li[Li1/3Mn2/3]O2 · (z) Li[Co1-yNiy]O2 (0 ≤ y 
≤ 1 and  0 ≤ z ≤ 1) solid solution system are indicated by closed circles in Figure 6.2. 
 
 
Figure 6.2: Phase diagram of the Li[Li1/3Mn2/3]O2 - LiCoO2 - LiNiO2 system. The 
compositions studied in the (1-z) Li[Li1/3Mn2/3]O2 · (z) Li[Co1-yNiy]O2 (0 ≤ y 
≤ 1 and  0 ≤ z ≤ 1) system are indicated by closed circles. 
Tables 5.1, 5.4, 5.5, and 5.9 in chapter 5 give the nominal compositions and the 
observed compositions based on the experimentally determined lithium contents and the 
average oxidation state of the transition metal ions for the samples synthesized at 900 oC. 
In general, the observed lithium content decreases with increasing Ni content in the 
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composition due to the difficulty of stabilizing Ni3+ and a consequent reduction of some 
Ni3+ to Ni2+ and volatilization of some lithium during synthesis at 900 oC. XRD data 
showed the samples to be single phase, crystallizing in the layered O3 type structure. 
However, in addition to the reflections corresponding to the O3 layered structure, weak 
superstructure reflections were observed around 2θ = 20 - 25o for samples with high 
Li[Li1/3Mn2/3]O2 content, which are known to correspond to the ordering of the Li+, Ni2+, 
and Mn4+ ions in the transition metal layer of the layered lattice.146,147 Tables 5.2, 5.4, 5.6, 
and 5.9 in chapter 5 give the compositions of the delithiated samples that were calculated 
based on the experimentally determined lithium content, proton content, and oxidation 
state values, respectively, by atomic absorption spectroscopy, prompt gamma-ray 
activation analysis, and redox titration. Most of the delithiated samples contain some 
residual lithium and inserted protons in the lithium plane. 
Figure 6.3 shows the XRD patterns of the delithiated samples in the (1-z) 
Li[Li1/3Mn2/3]O2 · (z) Li[Co1-yNiy]O2 (y = 0 and 0 ≤ z ≤ 1) series that were obtained by 
chemically extracting all the lithium from the parent samples synthesized at 900 oC.  
While the delithiated samples maintain the initial O3 structure for z ≤ 0.7, the z = 0.8 
sample shows the formation of the P3 structure in addition to the initial O3 structure. The 
z = 0.9 and 1.0 samples completely transform to the P3 structure on chemical delithiation. 
The P3 phase is formed by a gliding of selected MO2 sheets at ambient temperature, as 
explained in the introduction. Figure 6.4 shows the Rietveld fitting of the X-ray 
diffraction data of the delithiated z = 0.9 sample. The P3 structure (space group: R3m) 
was fitted with the transition metal ions at the 3a site (0,0,0) and the oxide ions also at the 
3a site (0,0,zox) and (0,0,z’ox), where zox = 0.641(3) and z’ox = 0.383(3). A good matching 
between the observed and calculated patterns with a low Rwp value and a satisfactory 
 119
goodness of fit value s confirms the P3 type structure with a strictly two-dimensional 
nature.  
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Figure 6.3: XRD patterns of the chemically delithiated samples obtained from the (1-z) 
Li[Li1/3Mn2/3]O2 · (z) Li[Co1-yNiy]O2 (y = 0 and 0 ≤ z ≤ 1) series synthesized 
at 900 oC. The reflections marked with hkl values refer to the layered O3 
phase and those marked with o refer to the P3 phase.                                   
(a) Li0.98H0.02[Li0.33Mn0.67]O2.01, (b) Li0.26H0.17[Li0.23Mn0.47Co0.3]O1.78,        
(c) Li0.04H0.18[Li0.17Mn0.33Co0.5]O1.66, (d) Li0.07H0.24[Li0.1Mn0.2Co0.7]O1.78,    
(e) Li0.04H0.44[Li0.06Mn0.13Co0.81]O1.88, (f) Li0.02H0.36[Li0.02Mn0.07Co0.91]O1.94, 
and (g) Li0.02H0.40[Co]O1.99. 
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Figure 6.4: Rietveld fitting of the X-ray diffraction data of the chemically delithiated (1-
z) Li[Li1/3Mn2/3]O2 · (z) Li[Co1-yNiy]O2 (y = 0 and z = 0.9) sample 
synthesized at 900 oC. a = 2.8399(8) Å, c = 13.597(9) Å, V = 94.97(7) Å3, 
Rwp = 12.21 %, Rp = 9.51 %, and s = 2.13. Squares and lines correspond, 
respectively, to the observed and calculated intensities. The difference 
between the observed and calculated patterns and the peak positions 
corresponding to the P3 type phase are also shown. 
The compositions given in the caption to Figure 6.3 indicate a higher amount of 
proton insertion in the delithiated samples that transformed to the P3 structure, compared 
to those that retained the initial O3 structure. In this regard, the presence of protons in H1-
xLix[Li0.33Mn0.67]O2 has been suggested before to favor the P3 type phase formation by 
hydrogen bonding.125 
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Figure 6.5: XRD patterns of the chemically delithiated samples obtained from the (1-z) 
Li[Li1/3Mn2/3]O2 · (z) Li[Co1-yNiy]O2 (y = 0.25 and 0 ≤ z ≤ 1) series 
synthesized at 900 oC. The reflections marked with hkl values refer to the 
layered O3 phase and those marked with o and * refer to the P3 and O1 
phases, respectively. (a) Li0.98H0.02[Li0.33Mn0.67]O2.01,                                  
(b) Li0.09H0.15[Li0.14Mn0.34Co0.39Ni0.13]O1.72,                                                  
(c) Li0.01H0.26[Li0.12Mn0.27Co0.46Ni0.15]O1.76,                                                  
(d) Li0.04H0.38[Li0.08Mn0.2Co0.54Ni0.18]O1.86,                                                   
(e) Li0.02H0.41[Li0.04Mn0.13Co0.62Ni0.21]O1.91,                                                   
(f) Li0.08H0.34[Li0.01Mn0.07Co0.69Ni0.23]O1.98, and                                            
(g) Li0.02H0.36Ni0.02[Co0.77Ni0.23]O1.95. 
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Figure 6.5 shows the XRD patterns of the delithiated samples in the y = 0.25 
series synthesized at 900 oC. The delithiated samples maintain the initial O3 type 
structure for z ≤ 0.6. For z = 0.7, the sample shows the formation of the P3 phase and a 
small amount of O1 phase in addition to the initial O3 structure. Similar to the P3 phase, 
the O1 phase is formed by a gliding of selected MO2 sheets at ambient temperature, as 
explained in the introduction. The z = 0.8 sample completely transforms to the P3 
structure on chemical delithiation. However, the poor crystallinity of the delithiated z = 
0.9 and 1.0 samples made the Rietveld refinement of the XRD data unsatisfactory. 
Similar to the y = 0 series, the compositions of the y = 0.25 series given in the caption to 
Figure 6.5 indicates a higher amount of proton insertion into the delithiated samples that 
exhibit the P3 structure. 
Figure 6.6 shows the XRD patterns of the delithiated samples in the y = 0.5 series 
synthesized at 900 oC. While the delithiated samples maintain the initial O3 structure for 
z ≤ 0.5, the z = 0.6 sample shows the formation of the O1 phase in addition to the initial 
O3 structure. The z = 0.7 and 0.8 samples completely transform to the O1 structure on 
delithiation. Similar to the P3 type samples we saw before, the chemical compositions of 
the O1 type samples in the y = 0.5 series (given in the caption to Figure 6.6) indicate a 
higher amount of proton insertion, compared to the samples that retained their initial O3 
structure. Figure 6.7 shows the Rietveld fitting of the X-ray diffraction data of the 
delithiated z = 0.7 sample. The O1 structure (space group: 13mP ) was fitted with the 
transition metal ions at the 1a site (0,0,0) and the oxide ions at the 2d site (1/3,2/3,zox), 
where zox = 0.194(1). A good match between the observed and calculated patterns in 
Figure 6.7 confirms the O1 type structure of the z = 0.7 sample. 
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Figure 6.6: XRD patterns of the chemically delithiated samples obtained from the (1-z) 
Li[Li1/3Mn2/3]O2 · (z) Li[Co1-yNiy]O2 (y = 0.5 and 0 ≤ z ≤ 1) series 
synthesized at 900 oC. The reflections marked with hkl values refer to the 
layered O3 phase and those marked with * refer to the O1 phase.                
(a) Li0.98H0.02[Li0.33Mn0.67]O2.01, (b) Li0.33H0.03[Li0.27Mn0.53Co0.1Ni0.1]O1.72, 
(c) Li0.19H0.09[Li0.21Mn0.48Co0.155Ni0.155]O1.70,                                               
(d) Li0.04H0.12[Li0.16Mn0.42Co0.21Ni0.21]O1.73,                                                   
(e) Li0.05H0.18[Li0.12Mn0.36Co0.26Ni0.26]O1.78,                                                   
(f) Li0.08H0.26[Li0.08Mn0.28Co0.32Ni0.32]O1.86,                                                  
(g) Li0.02H0.43[Li0.05Mn0.21Co0.37Ni0.37]O1.90,                                                   
(h) Li0.01H0.46[Li0.02Mn0.14Co0.42Ni0.42]O1.93,                                                    
(i) Li0.02H0.30Ni0.01[Mn0.07Co0.47Ni0.46]O1.95, and                                            
(j) Li0.03H0.22Ni0.06[Co0.53Ni0.47]O2.01. 
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Figure 6.7: Rietveld fitting of the X-ray diffraction data of the chemically delithiated (1-
z) Li[Li1/3Mn2/3]O2 · (z) Li[Co1-yNiy]O2 (y = 0.5 and z = 0.7) sample 
synthesized at 900 oC. a = 2.8373(2) Å, c = 4.5028(6) Å, V = 31.393(5) Å3, 
Rwp = 11.98 %, Rp = 9.24 %, and s = 2.51. Squares and lines correspond, 
respectively, to the observed and calculated intensities. The difference 
between the observed and calculated patterns and the peak positions 
corresponding to the O1 type phase are also shown. 
Although the poor crystallinity of the delithiated z = 0.9 sample made the 
structure unidentifiable by Rietveld analysis, the z = 1.0 sample was found to retain its 
initial O3 structure on complete delithiation. The high cation disorder (5.5 %) of the z = 
1.0 sample, as a result of the presence of Ni ions in the lithium plane (as evident from 
composition (j) given in the caption to Figure 6.6), could probably aid the sample to 
retain its initial O3 structure on delithiation. The cation disorder present in the parent 
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samples may destabilize the formation of P3 and O1 type structures due to the 
electrostatic repulsion between the transition metal ions present in the lithium planes and 
transition metal planes across the shared polyhedral faces. In addition, the weak 
superstructure reflections observed around 2θ = 20 - 25o for the parent samples with high 
Li[Li1/3Mn2/3]O2 content (Figure 5.15, z = 0.2, 0.3, and 0.4) corresponding to the ordering 
of the Li+, Ni2+, and Mn4+ ions in the transition metal layer of the layered lattice146,147 
were suppressed in the delithiated samples due to a cation rearrangement that occurs on 
deep lithium extraction, as explained in chapter 5. However, the parent Li[Li0.33Mn0.67]O2 
(z = 0) sample, with all manganese at 4+ oxidation state, does not lose much lithium or 
oxygen on reacting with the NO2BF4 oxidizer (composition (a) in Figure 6.6) due to poor 
electronic and ionic conductivity and thus maintains its initial superstructure reflections. 
To investigate the effect of synthesis temperature, chemical delithiation 
experiments were performed on a second set of (1-z) Li[Li1/3Mn2/3]O2 · (z) Li[Co1-
yNiy]O2 (0 ≤ y ≤ 1 and  z = 0.5) samples synthesized at 750 oC. Tables 5.7, 5.8, and 5.9 in 
chapter 5 gives the nominal compositions, the observed compositions, and the 
composition of the chemically delithiated samples in the y = 0.5 series synthesized at 750 
oC. Figure 6.8 shows the XRD patterns of the delithiated samples in the y = 0.5 series 
synthesized at 750 oC. Unlike the delithiated 900 oC samples, which either retained the 
initial O3 structure or transformed to O1 structure, the 750 oC delithiated samples show 
the formation of the P3 structure along with the initial O3 structure. The proportion of the 
P3 phase in the delithiated samples increases gradually from 63 % in the z = 0.2 sample 
to 81% in the z = 0.7 sample. In addition, the z = 0.7 sample exhibits a small amount of 
O1 phase. The poor crystallinity of the delithiated z = 1.0 sample made the structure 
unidentifiable by Rietveld analysis. The proton content found in the chemical 
compositions of the delithiated y = 0.5 samples synthesized at 750 oC are in general, 
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higher than that found for the 900 oC samples (compare the compositions given in caption 
to Figures 6.6 and 6.8). As explained in chapter 5, the smaller particle size and larger 
surface area of the 750 oC samples may lead to the incorporation of a larger amount of 
proton during chemical delithiation, which could probably aid the transformation of the 
structure from O3 to P3. Additionally, a faster lithium extraction in the 
Li[Ni1/3Mn1/3Co1/3]O2 samples synthesized at lower temperatures was shown previously 
to lead the formation of the metastable P3 type phase, while the slow lithium extraction in 
the samples synthesized at higher temperatures leads to the formation of the 
thermodynamically more stable O1 type phase.150 
Figure 6.9 shows the XRD patterns of the delithiated samples in the y = 0.75 
series synthesized at 900 oC. Although the delithiated samples with an intermediate z 
value of 0.5 and 0.6 show the formation of a small amount of O1 structure, the y = 0.75 
series in general maintains its initial O3 structure on chemical delithiation due to the 
presence of a high nickel content and a consequent cation disorder in the parent sample, 
as explained previously. In fact, the z = 1.0 sample does not lose much lithium during 
chemical delithiation as a result of a high cation disorder (10 %) in the parent sample, as 
evident from the composition (e) in Figure 6.9. 
Figure 6.10 shows the XRD patterns of the delithiated samples in the y = 1.0 
series synthesized at 900 oC. Similar to the y = 0.75 samples, the y = 1.0 samples 
maintain their initial O3 structure on chemical delithiation due to the presence of a high 
nickel content. However, the delithiated z = 0.3 sample shows the formation of a P3 
structure in addition to the initial O3 structure. This could be a result of high proton 
insertion with a relatively lower nickel content, as evident from the composition (b) given 
in the caption to Figure 6.10. 
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Figure 6.8: XRD patterns of the chemically delithiated samples obtained from the (1-z) 
Li[Li1/3Mn2/3]O2 · (z) Li[Co1-yNiy]O2 (y = 0.5 and 0 ≤ z ≤ 1) series 
synthesized at 750 oC. The reflections marked with hkl values refer to the 
layered O3 phase and those marked with o and * refer to the P3 and O1 
phases, respectively. (a) Li0.82H0.13[Li0.33Mn0.67]O1.99,                                  
(b) H0.48[Li0.27Mn0.53Co0.1Ni0.1]O1.72,                                                              
(c) H0.27[H0.09Li0.14Mn0.47Co0.15Ni0.15]O1.66,                                                   
(d) H0.23[H0.11Li0.08Mn0.41Co0.2Ni0.2]O1.61,                                                      
(e) H0.29[H0.15Li0.07Mn0.35Co0.25Ni0.25]O1.70,                                                   
(f) H0.42[H0.04Li0.08Mn0.27Co0.31Ni0.31]O1.76,                                                   
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Figure 6.9: XRD patterns of the chemically delithiated samples obtained from the (1-z) 
Li[Li1/3Mn2/3]O2 · (z) Li[Co1-yNiy]O2 (y = 0.75 and 0 ≤ z ≤ 1) series 
synthesized at 900 oC. The reflections marked with hkl values refer to the 
layered O3 phase and those marked with * refer to the O1 phase.               
(a) Li0.98H0.02[Li0.33Mn0.67]O2.01, (b) Li0.07H0.18[Li0.10Mn0.36Co0.13Ni0.41]O1.84, 
(c) Li0.07H0.2[Li0.04Mn0.29Co0.17Ni0.5]O1.92,                                                     





































(e) z = 1.0
(d) z = 0.7
(c) z = 0.5
(b) z = 0.3








Cu Kα 2θ (degree)
 
Figure 6.10: XRD patterns of the chemically delithiated samples obtained from the (1-z) 
Li[Li1/3Mn2/3]O2 · (z) Li[Co1-yNiy]O2 (y = 1.0 and 0 ≤ z ≤ 1) series 
synthesized at 900 oC. The reflections marked with hkl values refer to the 
layered O3 phase and those marked with * refer to the P3 phase.                
(a) Li0.98H0.02[Li0.33Mn0.67]O2.01, (b) Li0.02H0.40[Li0.2Mn0.49Ni0.31]O1.82,         




6.3.2 Influence of proton content and cation disorder on phase transformations 
To understand the factors that influence the structural stability of the chemically 
delithiated (1-z) Li[Li1/3Mn2/3]O2 · (z) Li[Co1-yNiy]O2 (0 ≤ y ≤ 1 and  0 ≤ z ≤ 1) solid 
solution samples, we made a plot (Figure 6.11) of the degree of cation disorder versus the 
inserted proton content in all the delithiated samples investigated. Figure 6.11 also 
indicates the structure of each delithiated phase next to their respective icon.  

















































Figure 6.11: Proton content vs. cation disorder in the chemically delithiated (1-z) 
Li[Li1/3Mn2/3]O2 · (z) Li[Co1-yNiy]O2 (0 ≤ y ≤ 1 and  0 ≤ z ≤ 1) solid solution 
samples. The structure of each delithiated phase is shown next to their 
respective icon. The samples enclosed within the circle have predominantly 
either the P3 or O1 phases. 
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It is explicit from Figure 6.11 that the samples with lower cation disorder and 
higher proton content are more likely to transform to the P3 or O1 structure from their 
initial O3 structure. The samples enclosed within the circle in Figure 6.11 have either the 
P3 or O1 phase as predominant phases. As explained before, the presence of transition 
metal ions in the lithium plane due to a significant cation disorder in the parent layered 
samples may destabilize the formation of P3 and O1 type structures due to the 
electrostatic repulsion between the transition metal ions present in the lithium planes and 
transition metal planes across the shared polyhedral faces and thus a lithium plane free 
from transition metal cations may be necessary for the formation of the P3 and O1 type 
phases.151 
In addition to the cation disorder, the proton content (ion exchange of Li+ by H+ 
occurring during chemical lithium extraction) could also possibly influence the structure 
of the delithiated phases. For example, the presence of protons in the layered oxides has 
been suggested before to favor the P3 type phase formation.125 The hydrogen bonding 
between adjacent oxide ion layers has been proposed to be the driving force for the 
adoption of the P3 structure. Additionally, electrochemical lithium extraction (charging) 
of the solid solution cathodes in an actual lithium ion cell with a non-aqueous electrolyte 
does not yield the P3 or the O1 type structure at the end of charge. For example, the 
electrochemically charged (y = 0 and z = 0.9, and y = 0.5 and z = 0.7) cathodes (Figure 
6.12) retain their initial O3 type structure, compared to a complete phase transformation 
to P3 or O1 structure on chemical delithiation (Figures 6.4 and 6.7). In essence, a lower 
cation disorder along with a significant proton insertion seems to favor the phase 
transformation of the initial O3 structure to the P3 or O1 structure. However, no clear 
evidence could be found as to why some compounds prefer to transform to the P3 
structure and some prefer to transform to the O1 structure.  
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Figure 6.12: XRD patterns of the electrochemically charged (to 4.8 V at 12.5 mA/g) 
layered (1-z) Li[Li1/3Mn2/3]O2 · (z) Li[Co1-yNiy]O2 solid solution cathodes: 
(a) y = 0 and z = 0.9 and (b) y = 0.5 and z = 0.7. 
Previous reports have attributed the formation of the metastable P3 phase to a 
faster lithium extraction caused by good cation ordering or larger surface area of the 
layered oxide samples, while a slow, more equilibrated lithium extraction leads to the 
formation of the thermodynamically more stable O1 type phase.150 For example, the end 
member CoO2 obtained by the electrochemical charging of LiCoO2 cathodes has been 
reported to have either a single O1 type phase or a mixture of two O1 type phases.152-154 
On the other hand, CoO2 obtained by the chemical extraction of lithium from LiCoO2 
with an oxidizer such as NO2BF4 in acetonitrile medium has been found to primarily have 
the metastable P3 type phase.24,29 This discrepancy was attributed to the differences in the 
lithium extraction rates between the electrochemical and chemical lithium extraction 
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processes,29 since the electrochemical charging process is generally carried out at a much 
lower rate than the chemical lithium extraction. Similar considerations could be applied 
to the present set of samples as well. 
6.4 CONCLUSIONS 
The factors influencing the crystal chemistry of the layered phases formed on 
chemically extracting lithium from the (1-z) Li[Li1/3Mn2/3]O2 · (z) Li[Co1-yNiy]O2 (0 ≤ y 
≤ 1 and  0 ≤ z ≤ 1)  solid solution samples have been investigated. The delithiated 
samples adopt either the parent O3 type structure or the new P3 or O1 type structures 
depending upon the composition and synthesis temperature of the parent samples and the 
proton content inserted into the delithiated sample. While a high proton insertion 
resulting from a good cation ordering or a larger surface area seems to favor the 
transformation of the initial O3 structure to the P3 or O1 structure, a large degree of 
cation disorder prevents the formation of the P3 and O1 phases due to the strong 
electrostatic repulsion between the transition metal cations present in the lithium planes 
and transition metal planes across the shared polyhedral faces. In addition, the extent of 
oxygen loss in these chemically delithiated solid solution samples does not seem to have 





With an aim to develop a better understanding of the chemical and structural 
factors that control the electrochemical performance properties such as the reversible 
capacity, cyclability, and rate capability of the 5 V spinel cathodes, various cation 
substituted LiMn1.5-yNi0.5-zMy+zO4 (M = Li, Mg, Fe, Co, and Zn) spinel oxides have been 
investigated by chemically extracting lithium. 
Cation substituted spinel LiMn1.5-yNi0.5-zMy+zO4 cathodes exhibit superior capacity 
retention and rate capability in the 5 V region compared to the unsubstituted 
LiMn1.5Ni0.5O4 cathode. For example, LiMn1.42Ni0.42Fe0.16O4, LiMn1.42Ni0.42Co0.16O4, and 
LiMn1.5Ni0.42Zn0.08O4 exhibit capacity fades of < 3 % in 50 cycles with 115-125 mAh/g at 
C/5 rate compared to 8 % fade and 131 mAh/g for LiMn1.5Ni0.5O4. Also, 
LiMn1.42Ni0.42Co0.16O4 retains 92 % of its capacity on going from C/10 to 4C rate 
compared to 82 % for LiMn1.5Ni0.5O4. The superior performances of these cation 
substituted cathodes are attributed to the smaller lattice parameter differences among the 
three cubic phases formed during the charge-discharge process. The smaller or negligible 
instantaneous volume change during the charge-discharge process is believed to suppress 
the stress involved and impart superior electrochemical properties. Further, the presence 
of Mn in the 4+ oxidation state seems to suppress its dissolution by disproportionation 
reaction and a clear correlation between the amount of Mn dissolved from the 5 V 
LiMn1.5-yNi0.5-zMy+zO4 spinel cathodes and their electrochemical performance could not 
be established. The excellent performance with moderate reversible capacities of around 
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120 mAh/g along with the low cost, low toxicity, and ease of synthesis may make the 5 V 
LiMn1.5-yNi0.5-zMy+zO4 cathodes attractive for electric and hybrid vehicle applications. 
In addition, the possibility of proton incorporation into and oxygen loss from the 
lattice during the chemical delithiation process has been investigated with Li1-
xMn1.58Ni0.42O4 and Li1-xCo2O4  spinel oxide cathodes. The spinel Li1-xMn1.58Ni0.42O4 does 
not encounter any proton insertion or oxygen loss from the lattice at deep lithium 
extraction. However, the spinel Li1-xCo2O4 exhibits both proton insertion and oxygen loss 
at deep lithium extraction. A significant overlap of the Co3+/4+:3d band with the top of the 
O2-:2p band results in an ion exchange of Li+ by H+ and an oxygen loss from the lattice at 
deep lithium extraction in Li1-xCo2O4 to relieve the chemical instability while the lying of 
the Mn3+/4+:3d and Ni2+/4+:3d bands well above the O2-:2p band in Li1-xMn1.58Ni0.42O4 was 
believed to avoid such chemical instabilities. 
The electrochemical charge-discharge properties of the layered (1-z) 
Li[Li1/3Mn2/3]O2 · (z) Li[Co1-yNiy]O2 solid solution cathodes have been investigated with 
an aim to identify the factors that control the amount of oxygen loss from the lattice 
during the first charge and the reversible capacity values. The charge profiles exhibit an 
initial sloping region A followed by a plateau region B around 4.5 V. The sloping region 
A is found to be determined by the initial average oxidation state of the transition metal 
ions and their oxidation to Ni4+ and Co3.6+ with Mn remaining as Mn4+. The plateau 
region B, which corresponds to an irreversible loss of oxygen from the lattice, is found to 
be determined by the amount of lithium η in the transition metal layer of the solid 
solution Li[LiηM1-η]O2, by a chemical characterization of the chemically delithiated solid 
solution samples.. However, high Mn4+ content causes a decrease in oxygen mobility and 
loss. Moreover, the tendency of Ni3+ to get reduced to Ni2+ and the consequent 
volatilization of lithium during synthesis alter the lithium content in the transition metal 
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layer and thereby influence the degree of oxygen loss and reversible capacity values. In 
essence, the study shows that the electrochemical performance factors of the layered (1-z) 
Li[Li1/3Mn2/3]O2 · (z) Li[Co1-yNiy]O2 solid solution cathodes could be maximized by 
optimizing the contents of the various ions. 
In addition, the factors influencing the crystal chemistry of the layered phases 
formed on chemically extracting lithium from the (1-z) Li[Li1/3Mn2/3]O2 · (z) Li[Co1-
yNiy]O2 solid solution samples have been investigated. Depending on the composition 
and synthesis temperature of the parent sample and the proton content inserted, the 
chemically delithiated samples adopt either the initial O3 type structure or the new P3 or 
O1 type structures. A significant cation disorder destabilizes the formation of the P3 and 
O1 type phases due to the strong electrostatic repulsion between the transition metal 
cations present in the lithium planes and transition metal planes across the shared 
polyhedral faces. However, a high proton insertion resulting from a good cation ordering 
or a larger surface area seems to favor the phase transformation of the initial O3 structure 
to the P3 or O1 structure. 
A firm understanding of the factors affecting the chemical and structural 
stabilities of the lithium rich Li[Li,Ni,Mn,Co]O2 solid solution oxides could help us to 
design cathode materials with high reversible capacities, which could possibly replace the 
presently used layered LiCoO2. Future experiments could focus on optimization of the 
microstructure with novel synthesis and processing to improve the rate capabilities of 
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